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Abstract
The primary photosynthetic event in green algae, plants and some photosynthetic bacte­
ria involves a one-electron transfer from a light-activated chlorin (porphyrin) complex 
to a bound quinone molecule. This thesis describes a protein engineering approach 
toward mimicking this reaction. Porphyrin and chlorin binding to both synthetic, de 
ftovo-designed four-helix-bundle peptides, and mutants of the naturally-occuring E. 
coli cyt 6562 was examined. The role of methionine vs. histidine as the sixth heme axial 
ligand was studied in both systems by optical spectroscopy, EPR, and redox potentiom- 
etry. The binding of 5-coordinate chlorophyll analogues to both synthetic peptides and 
various cyt 6562 mutants showed that a minimal binding site for such a porphyrin is a 
histidine residue at pH > 6.0. The importance of a defined binding pocket on binding 
energies and solvent sequestration is demonstrated with the cytochrome mutants. Sev­
eral attempts to create a protein-bound excitonically-coupled porphyrin dimer are also 
discussed.
A novel quinone-binding protein was then developed which is capable of under­
going light-induced electron transfer. Cytochrome b562 was modified to covalently 
bind a benzoquinone and to our knowledge is the first report of a designed quinone- 
binding protein. The unique quinone-binding site was created by placing a cysteine 
within the hydrophobic interior of the cytochrome. Various quinones, such as para- 
benzoquinone and coenzyme Q0, were shown to covalently attach to the protein through 
a cysteine sulphur addition reaction to the quinone ring. The protein can simultane­
ously bind a porphyrin or chlorin and the cysteine placement was designed to place 
the bound quinone about 10 Ä from the edge of the bound porphyrin. Fluorescence 
measurements confirmed that the bound hydroquinone is incorporated toward the pro­
tein’s hydrophobic interior and is partially solvent-shielded. The bound quinones re­
main redox-active and the semiquinone can be generated by a 1-electron reduction at 
high pH. By using different quinones this midpoint can be tuned by ~500 mV. Sev­
eral protein mutants were made which modulate the redox properties of the bound 
quinone through specific interactions with the protein. When the heme binding site 
of the quinone-bound cytochrome is reconstituted with zinc-porphyrin or zinc-chlorin,
xiii
light-induced electron transfer from the porphyrin/chlorin to the bound quinone (but 
not hydroquinone) is observed. The electron transfer reaction was characterised by 
transient EPR and fast optical techniques. Triplet electron transfer predominates in the 
zinc-protoporphyrin/protein/quinone system with a rate of ~1.7 x 103 s-1. Conversely, 
electron transfer in the chlorin/protein/quinone complexes occurs from a singlet state 
with the rate in the order of 108 s_1. We consider the chlorin system a simple and 
functional model of a quinone-type reaction centre.
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CHAPTER 1
Introduction
All of the energy needs of plants and photoautotrophic bacteria are met by the light reac­
tions of photosynthesis. The primary photochemistry involves the absorption of visible 
photons and the subsequent conversion of the absorbed energy into chemical potential 
energy by the formation of a charge-separated state. This photochemistry takes place 
in membrane-bound protein complexes called reaction centres (RCs). The best under­
stood of these systems are the bacterial reaction centres (BRCs) from purple non-sulfur 
bacteria. The primary photochemistry that occurs in the BRC is also common to the 
RC in photosystem II (PS II) of cyanobacteria and higher plants (reviewed in (Allen & 
Williams, 1998; Diner & Rappaport, 2002; Okamura et al., 2000)). The photochemical 
reactions in the RCs occur through the transfer of an electron from a light-excited (bac- 
terio)chlorophyll ((B)Chl) through the protein, via a (bacterio)pheophytin ((B)Pheo), 
to a bound quinone molecule. The cofactors are ~10 Ä apart so that the electron trans­
fer (ET) reaction is non-adiabatic, occurring through a quantum tunnelling mechanism 
(DeVault et al., 1967; Marcus & Sutin, 1985). Synthetic chemists have designed and 
built small organic models to mimic these ET reactions. These models typically consist 
of a covalently-linked, light-activated electron donor, and an electron acceptor. This 
approach has been incredibly successful at mimicking both vectorial ET1 and a long- 
lived charge separated state, the hallmarks of biological ET (Ho et al., 1980; Kurreck 
& Huber, 1995; Gust et al., 1993, 2001).
The recently-developed techniques of protein engineering and de novo protein de­
sign now allow a constructive approach to study ET reactions in proteins, as proof-of- 
principle and also to experimentally verify theory. The aim of the present work was to 
mimic aspects of the primary photochemistry of photosynthetic reaction centres using 
simple modified proteins. This work takes the concept of the organic diad a step closer 
to the natural systems by binding the porphyrin donor and quinone acceptor within a 
small well-defined peptide allowing a new method of studying ET reactions. It takes 
inspiration and methodologies from a fairly broad and sometimes disparate body of 
research. This chapter attempts to review the pertinent literature.
1 Vectorial ET is described in Section 1.4
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purple bacteria photosystem II photosystem I green sulfur bacteria
pheophytin-quinone iron-sulfur
reaction centres reaction centres
Figure 1.1: Electron transport schemes of the four different reaction centres. Adapted 
from Allen & Williams (1998)
1.1 Photosynthetic Reaction Centres
The photosynthetic RCs are conserved in all photosynthetic organisms, and are of two 
types (Figure 1.1). One type of RC is shared by the purple bacteria and is similar to 
PS II of cyanobacteria and higher plants. These are known as pheophytin/quinone-type 
RCs. The other type of RC is known as an iron-sulfur-type RC. This type of RC is found 
in the green sulfur bacteria and is similar to photosystem I (PS I) of cyanobacteria and 
higher plants.
Recently an atomic resolution (2.5 Ä) structure of the cyanobacterial PS I has 
emerged (Jordan etal., 2001) and this is shown in Figure 1.2. This complex is probably 
the largest membrane protein to have yet been crystallised. It is a trimer, with each 
monomer comprising 12 proteins, 96 Chi molecules, iron and calcium ions and over 
200 water molecules. The structure of the RC from green sulfur bacteria has not been 
determined but homology modelling with PS I has been completed by Heathcote et al. 
(2003) and shows considerable homology.
The work in this thesis is concerned with mimicking the pheophytin-quinone-type 
RC. There are many X-ray crystal structures of RCs from purple bacteria and recently 
from PS II from cyanobacteria. The structure and function of these RCs is discussed 
below.
2
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Figure 1.2: The structures of PS I (right) and II (left) (UBO.pdb and HZL.pdb, re­
spectively). Photosystem II is not scaled relative to PS I, hut the dotted lines represent 
the approximate region of lipid membrane. The respective inner cofactors involved in 
electron transport with arrows showing the electron transfer pathway are shown below.
The Bacterial Reaction Centre
The first X-ray crystal structure of an integral membrane protein was the that of the RC 
from Rhodopseudomonas viridis (Deisenhofer et a i, 1985). This was quickly followed 
by the structure of the Rhodobacter sphaeroides RC (Allen et al., 1986). Both Rp. 
viridis and R. sphaeroides are purple, non-sulfur photosynthetic bacteria, and represent 
the pheophytin-quinone-type RC.
There is little inter-species difference between the major structural elements of the 
RC which consists of two membrane-spanning proteins (denoted L and M) with five 
transmembrane «-helices each, and a largely cytoplasmic protein (denoted H) with a 
single transmembrane cv-helix (reviewed in Allen et al. (1986); Parson (1996); Allen
3
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Figure 1.3: The reaction centre from purple bacteria (4PRC.pdb). Left, A ribbon 
diagram of the 4 proteins of the RC from Rp. viridis. Cofactors are black and the 
dotted line is the approximate membrane region. Contrary to convention this RC is 
drawn with the periplasm below. The cofactors involved in light-induced electron 
transfer are shown centre and right. Midldle, a schematic showing lifetimes of the 
charge separated states and Right, the relative orientation of the cofactors: Black, 
special pair (P); Blue, BChl; Red, BPheo; Green, ubiquinone; Orange, non-heme iron.
See the text for details.
& Williams (1998)). The structure of the Rp. viridis RC is shown in Figure 1.3. The 
L and M proteins have an approximate two-fold symmetry. The function of the H 
subunit is not well understood and it’s removal from purified BRC preparations does 
not affect their activity. In Chloroflexus aumntiacus the H subunit is missing. One 
significant difference does exist between Rp. viridis and R. sphaeroides however. The 
former contains an additional (fourth) protein, a soluble tetra-heme c-type cyt (cyt) 
located on the periplasmic side of the membrane. This is an interesting protein in its 
own right as it acts as a molecular wire (see e.g. Chen et al. (2000)). Electron transfer 
is thought to occur sequentially through the four heme molecules which are oriented 
roughly linearly.
Common to the the BRCs is a suite of cofactors non-covalently bound to the L and 
M subunits in a pseudo-symmetrical manner. The route of ET through these cofactors 
is asymmetric and is shown in Figure 1.3. These cofactors are 4 BChls, 2 bacterio- 
pheophyrins (BPheo), 2 quinones, where the type is species-dependent, a non-heme
4
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iron and a carotenoid. The primary donor (P) is a dimer of excitonically-coupled BChls 
which are situated near the periplasm at the interface between the L and M proteins 
with one-each BChl bound to a conserved histidine on L and M. Upon excitation an 
electron is rapidly (within ~3 ps) transfered to one of the BPheo molecules (denoted 
HL) located about midway across the membrane. This electron is probably transfered 
via a BChl situated between P and HL but observation of this discrete intermediate is 
only tentative. From HL, the electron is transfered in 200 ps to a quinone (Q a ) situated 
near the cytoplasm. A second quinone (Q b ) is then reduced by in 100 /xs. This is 
summarised in Figure 1.1 and Figure 1.3 and reviewed by Parson (1996). Subsequently, 
P+ is re-reduced by ET from a heme in either the cyt subunit in Rp. viridis or from 
soluble cyt c2 in R. sphaeroides.
The relative ease of the purification of these RCs and their stability coupled with 
protocols for the site-directed mutagenesis in R. sphaeroides has allowed a lot of structure- 
function information to accumulate (reviewed in Moser et al. (1995); Allen & Williams 
(1995); Parson (1996); Okamura et al. (2000)). Because of this level of detail, the bac­
terial RC has been called ’’the hydrogen atom of electron transfer”. This is discussed 
further with regard to the ET reactions later in Section 1.3.
Photosystem II
Photosystem II is the large membrane pigment/protein complex responsible for split­
ting water into molecular oxygen during oxygenic photosynthesis. The structure of 
cyanobacterial PS II has been recently reported (Zouni et al., 2001; Kamiya & Shen, 
2003; Ferreira et al., 2004) and is shown in Figure 1.2. Unfortunately none of the struc­
tures have achieved atomic resolution and the best to date is about 3.5 Ä (Ferreira et al., 
2004).
At the heart of PS II is P680, a photo-reactive cluster of up to six Chi molecules2. 
Among this cluster is a central pair of weakly excitonically-coupled Chi a molecules 
which are ligated to adjacent histidines on the D1 and D2 proteins of the PS II reaction 
centre. Upon illumination, P680 becomes excited and transfers an electron to a quinone
2the exact nature o f P68o is still uncertain and could consist o f 1-6 individual Chls
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cofactor (QA) via a bound pheophytin molecule. Subsequently an electron from the 
water-oxidising site is transferred via a redox-active tyrosine residue (Yz) to fill the 
electron hole left on the oxidised P680, Pö80+ (reviewed in (Ort & Yocum, 1996)). 
Interestingly, Pe8o/P680+ is the strongest oxidant in biology with an oxidation potential 
of >+1.1 V (Rappaport et al., 2002). This oxidation potential is much higher than that 
of P+ in the BCR (+0.5 V, (Lin et al., 1994)) and in solution, Chi a has a considerably 
lower redox potential (~  0.8 V, reviewed in Scheer (1991)) which is insufficient to 
split water. It is therefore the interaction of the protein environment within PS II on 
the bound Chls that sufficiently increases the redox potential of P6so and allows water 
oxidation to occur.
A General Model of a Reaction Centre
The acceptor side of PS II and the BRC function very similarly, and the cofactors and 
route of ET are conserved. The nature of the primary donor is a little different, but both 
have a central dimer of (B)Chl. The donor side of the BRC is a heme while in PS II it 
is a manganese complex. In both the BRC and PS II the primary quinone binding site 
(Qa) is remarkably similar (see Figure 1.4) despite the fact that chemically different 
quinones are bound (menaquinone or ubiquinone in the BRC, plastoquinone in PS II).
Conceptually, a minimalistic model of a pheophytin-quinone reaction centre would 
comprise a (B)Chl dimer, a pheophytin, 2 quinones linked via a non-heme iron, and an 
un-specified electron donor. The cofactor separation would all be about 10 Ä, and the 
cofactors would be bound to a membrane-spanning complex. This complex would be 
capable of vectorial ET upon illumination. Some of these features are explored in this 
thesis. Work toward creating a peptide capable of binding a (B)Chl dimer is described 
in Chapter 3. In Chapter 4 the introduction of a novel quinone binding site is described. 
The bound quinone is shown to act as an electron acceptor in ET reactions (Chapter 
5). These proteins were created by modifying existing proteins (protein engineering) 
or utilising synthetic (de «ovo-designed) peptides.
6
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Figure 1.4: Left, The Qa binding site in PS II taken from the structure of Ferreira etal. 
(2004) (lS5L.pdb). Only the residues surrounding the quinone head group are shown. 
These are are all located on the D2 protein and are labelled for reference. Fe is a non­
heme iron and broken green lines are putative hydrogen bonds. Right, A comparison 
of the Qa binding site in PS II (grey) and the R. sphaeroides RC (lAIJ.pdb, black). 
The structures are aligned by the homologous histidine and tryptophan residues and 
only selected residues from the bacterial site are shown.
1.2 Protein Engineering and Protein Design
Protein engineering can be thought of as the modification or creation of a protein with 
novel or enhanced functions. There are essentially two approaches to protein engineer­
ing, directed evolution and rational design.
Directed evolution takes a Darwinist approach to the problem. Typically a gene of 
interest is randomly mutated and the mutants are then expressed and screened, often in 
vivo, for a desired property. Any likely candidates are isolated and subjected to further 
rounds of mutagenesis and selection until a protein with the desired property is found 
(reviewed in Arnold & Volkov (1999); Saven (2002)). One early success of directed 
evolution was the modification of an enzyme to carry out the hydrolysis of a para- 
nitrobenzyl ester of an antibiotic in organic solvents (Moore & Arnold, 1996). More 
recently from the same group, a protein with an unnatural H20 2-dependent hydroxyla- 
tion reaction was obtained from an initial library of ~200 000 random mutants. This 
required a novel screening method involving the co-expression of another enzyme and
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90(0900990)0900—009
Figure 1.5: A helical wheel representation of an amphipathic o-helix showing the 
patterning of polar (white) and non-polar (black) residues. Underneath is a schematic 
showing the sequence of this pattern and a heptad repeat in parenthesis.
highlights perhaps the biggest problem with directed evolution, the screening method. 
The method will only work if the desired properties of the engineered protein can be 
readily screened, for instance by ligand binding, catalysis or with the aid of phage 
display (reviewed in (Hoess, 2001). On the other hand, directed evolution offers the 
advantage of not requiring precise structural and mechanistic information on the pro­
tein being modified. It also allows the sampling of a relatively large amount of sequence 
space (106-1012 sequences).
The work in this thesis takes another approach - protein design. Protein design 
is a more guided and rational approach based on rules gleaned from the principles 
of protein folding. This may involve the modification of an existing protein or the 
creation of a totally new one. Examples of the former include: (i) the conversion of a 
cyt from a h-type to c-type (Barker et a l ,  1993); (i i) the introduction of a redox-active 
tyrosine into the BRC (Kalman et a l ,  1999); (in)  the addition of disulfide bridges 
to stabilise lysozyme (Ueda et al., 2000); (iv) the incorporation of non-natural amino 
acids (by solid-phase peptide synthesis) that predictably alter properties of protein- 
bound cofactors (Low et al., 2001; Privett et al., 2002); (v) covalent linkage of the 
peptides to non-natural “templates” (Rau et al., 1999); and (vi) covalently modifying 
the protein with e.g. ruthenium, or replacing existing cofactors (see Section 1.3).
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The design of novel proteins, known as de novo design, pushes the limits of our un­
derstanding of the protein structure/function relationship. Early de «ovo-design efforts, 
largely by DeGrado and coworkers, concentrated on self-aggregating amphipathic a- 
helices (reviewed in Hill et al. (2000); Baltzer et al. (2001)). Basically, an alpha helix 
has 3.6 residues per turn, thus a 7-residue (heptad) sequence will cover two full turns. 
By patterning hydrophobic and hydrophilic residues within a heptad repeat, the folded 
helix will have all the hydrophobic residues on one side (Figure 1.5). This allows 
dimerisation (driven by hydrophobic sequestration) of these peptides in to e.g. three 
or four-helix bundles. Cofactors can then be bound within the hydrophobic interior 
of these peptide aggregates and this has been an active area of research. Dutton and 
coworkers designed heme-binding peptides (Robertson et al. (1994), reviewed in Gib- 
ney & Dutton (2001); Lombardi et al. (2001), described in Chapter 3), while Degrado 
and coworkers have bound other metal centres (reviewed in DeGrado et al. (1999)). In 
similar work Gibney et al. (1996) introduced an iron-sulfur cluster into a loop region 
linking two a-helicies in a de «ovo-designed peptide. More recently, a novel protein 
fold was designed and experimentally validated by Kuhlman et al. (2003), and two re­
ports of catalytically-active de /mvo-designed enzymes have appeared (Dwyer et al., 
2004; Kaplan & DeGrado, 2004).
Unfortunately the rational design process, both in terms of protein modification and 
de «ovo-design, is a relatively slow process and generally requires an iterative approach. 
Each design must be biophysically characterised before the next change is implemented 
(see e.g. Gibney etal. (1999). This is not as bad as it seems as usefull data are generated 
at each step, and there are many things which can be screened that would be impossible 
by a directed evolution approach. Using a combination of the rational and directed 
evolution approaches, Hecht and coworkers have developed a combinatorial technique 
where the pattern of polar and non-polar residues is fixed while the identity of the 
residues is not (Kamtekar et al., 1993). From these libraries, stable native-like proteins 
have been identified, some of which can bind heme (Rojas et al. (1997), reviewed in 
Hecht et al. (2004)). In related work, de «ovo-designed peptides have been screened by 
phage display (reviewed in Hoess (2001); Saven (2002)). Both of these methods allow 
the possibility of expediting the design process.
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Cytochrome b562
Much of this thesis involves the engineering of the E. coli cyt 6562, a small, soluble four- 
helix-bundle protein with a single 6-type heme cofactor originally described by Itagaki 
& Hagar (1966). This protein is found in the periplasm of E. coli and, while its postu­
lated role is in electron transfer, no physiological partners nor biological function have 
been assigned. Cytochrome 6562 is enigmatic as it is the only soluble cyt without a cova­
lently attached heme and one of only two known 6-type cyts with methionine/histidine 
(Met/His) heme iron ligation (the other protein being the fungal extracellular flavocyt 
cellobiose dehydrogenase (rCDH) (Rotsaert et al., 2003)). Cytochrome 6562 has been 
well characterised both structurally (Hamada et al., 1995; Amesano et a l, 1999) and 
biophysically (see for example Moore et al. (1985); Barker et al. (1996); Robinson 
et al. (1997); Springs et al. (2002)). This makes cyt 6562 a good candidate for the study 
of protein-porphyrin binding interactions.
Upon binding to a protein, heme forms axial ligands with one or two protein side 
chains. The amino acid side chains of histidine, methionine, lysine, asparagine, tyro­
sine, proline and cysteine are able to act as such ligands forming nitrogen-, sulfur- or 
oxygen-iron bonds. The amino terminus has also been shown to act as a ligand. This 
bonding has a major role in regulating the properties of the ligated heme as well as 
potentially playing a significant role in the stabilisation of the heme-protein complex. 
In the cyts 6z5-histidine (6A-His) and Met/His ligation are much more common than 
the other forms of ligation where 6/5-His ligation predominates in the 6-type cyt and 
Met/His ligation is generally found in the c-type cyts. The E. coli cyt 6562 has atypical 
Met/His ligation. However, I have created a mutant with 6A-His heme ligations, which 
is described in Chapter 3.
1.3 Protein Electron Transfer
There have been several approaches to study light-induced protein ET reactions. These 
involve using: (i) ruthenium-, or more recently rhenium-, modified proteins; (ii) mod­
ification of proteins with flavin; (m ) metal-substituted (i.e. Zn) hemoproteins such as 
cyt c and hemoglobin; (iv) mutants of the photosynthetic reaction centres, principally
10
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Figure L6: Histidine-ruthenium complexes. A, RuaoHis, and B, Ru(bpy)2(Im)(His). 
A molecular model of Ru(bpy)2(Im)(His) is shown in C. See text for details.
the BRC; and (v) using small organic molecules consisting of one or more covalently 
linked donor and acceptor groups. These will each be described in turn.
Rhuthenium Modification
The method of using ruthenium (Ru)-modified proteins to study ET was pionerred by 
Harry Gray and coworkers in the early 1980’s (Winkler et al. (1982); Nocera et al. 
(1984), reviewed in Winkler & Gray (1992); Bjerrum et al. (1995)). Cytochrome c was 
modified by coordination of pentaamineruthenium (Rua5, Figure 1.6) to hisitidine 33 on 
the surface of the protein (Yocom et al., 1982). Photoinduced ET from Ru2+ to Fe(III) 
was observed with a slow &et of 30 s-1. The driving force3 (AG°) of the Ru-modified 
Fe(III)-cyt c reaction was only -0.18 eV, explaining in part the slow /cet- Several ap­
proaches were taken to increase AG°, including substituting Fe for Zn in the cyt (Meade 
et al., 1989), and using alternate ligands to the Ru (other than amine) such as bipyridine 
(bpy) (Chang et al., 1991). The structures of the Rua5 and Ru(bpy)2(imidazole) com­
plexes are shown in Figure 1.6. The use of bpy ligands was quite successful and -  AG° 
values > 1 eV have been achieved (reviewed by Winkler & Gray (1992); Bjerrum
3The driving force, AG°, is described in Section 1.4.
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etal. (1995)). Additionally, by replacing the amine ligands with bpy, the reorganisation 
energy associated with solvent rearangement around the Ru complex was reduced by 
about half (Winkler & Gray, 1992). Ru can also be bound to lysine residues via an 
amide linkage (Durham et al., 1989). There is a problem with this method however, as 
due to the conformational flexibility in the lysine side chain, there is an estimated 4-8 
Ä uncertainty in the donor/acceptor separation (Winkler & Gray, 1992). In a series of 
experiments Rua5-modified myoglobin was substituted with 6 different metals and the 
ET reactions characterised. This produced a significant range in AG° allowing quite 
accurate estimates for the electronic coupling and reorganisation energy in this system4 
(reviewed in Winkler & Gray (1992). In other work, ET between photo-generated Ru 
and heme in de «ovo-designed peptides has been reported by Rau et al. (1999) and 
Cristian et al. (2003).
More recently, proteins modified with rhenium(I) (Re) have been used in ET exper­
iments (Di Bilio et al. (2001), reviewed in Miller et al. (2004)). Re-modified azurin 
exhibits light-induced ET from the Cu+, via a tyrosine, to Re2+. The Re2+, generated 
by light-induced ET to a sacrificial electron acceptor5 in solution, is sufficiently oxidis­
ing (~  +2 V) to generate a tyrosine radical. Thus, the use of Re-modified proteins now 
allows the study of very-high driving force ET reactions.
Flavin Modification
In a similar methodology to Ru-modification, flavin molecules have been used to study 
protein ET. Upon excitation, flavin can form a semiquinone species by abstracting an 
electron from a donor, such as EDTA, in solution. The semiquinone is capable of 
reducing Fe(III)-heme through an ET reaction (Ahmad et al., 1981). Flavin derivatives 
can be covalently bound to a cysteine on the surface of a protein through a disulphide 
bond, and this was demonstated in cyt c by Twitchett et al. (1997). The authors showed 
ET between the bound flavin and heme and determined a reorganisation energy of 1.2 
eV. Sharp (1998) covalently bound a flavin with the interior of a de «ovo-designed 
heme-binding maquette and also showed ET from the photogenerated semiquione to
Electronic coupling, Ha b > and reorganisation energy, A, are defined in Section 1.4.
5A sacrificial electron acceptor becomes irreversibly reduced
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Figure 1.7: A simplified zinc porphyrin/heme triplet electron transfer reaction 
scheme.
heme.
Meta! Substitution
Unlike (B)Chl, zinc porphyrin (ZnP) readily forms a triplet state upon excitation with 
near-unity efficiency (Sudha et al., 1984). This triplet state (3ZnP*) is long-lived (~  14 
ms) (Zemel & Hoffman, 1981; Sudha et al., 1984) and is a strong reductant, forming 
the ZnP cation upon ET. As the triplet lifetime is long, relatively slow ET reactions, 
such as those between proteins, can be studied with this technique. The ET reaction 
from ZnP to heme is shown in Figure 1.7.
Independently, Hoffman (McGourty et al., 1983; Peterson-Kennedy et al., 1984; 
McGourty et al., 1987) and McLendon (Simolo et al., 1984; McLendon et al., 1985) 
used an electronically excited ZnP or a free-base porphyrin (H2P) (Cheung et al., 1986) 
as an electron donor in long-range protein ET. Both groups made use of existing hemo- 
proteins and substituted heme for ZnP. Hoffman and coworkers showed ET over about 
20 Ä in a Fe/Zn hemoglobin hybrid with /cet of ~  100 s_1 (McGourty et al., 1983, 
1987). Electron transfer from 3Zn*-cyt c peroxidase to yeast and horse-heart cyt c 
(Fe(III)) was also measured (Ho et al., 1985). Triplet energy transfer was also demon­
strated from zinc-substituted proteins (Zemel & Hoffman, 1981).
Meanwhile, McLendon and coworkers measured the rate of inter-protein ET in 
several protein-protein complexes such as between Zn-hemoglobin and Fe(III)-cyt b5 
(Simolo et al., 1984) and Zn-cyt c and cyt 65 (McLendon et al., 1985), which has also 
been characterised by Qin & Kostic (1994). These ET reactions were quite slow 103
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- 105 s-1 despite donor/acceptor distances of around 8-10 Ä. Interprotein ET between 
Fe(II)-cyt c peroxidase and Fe(III)-cyt c was measured at about this time by Cheung 
et al. (1986) by a rapid-mixing technique and allowed the measurement of the physio­
logical ET reaction. This suggested that the reorganisation energy associated with these 
intraprotein ET reactions was about 1 eV. Those data are collated and briefly reviewed 
in Mayo et al. (1986). In other work, Magner & McLendon (1989) measured the oxida­
tion potential Zn-cyt to be about +0.8 V and showed that metal-substitution increased 
the cyt c redox potential by 0.64 V. More recently ET has been reported in other metal- 
substituted proteins such as ZnP-substituted nitrite reductase (Bellelli et al., 1996) and 
cyt P450cam (Furukawa et al., 2000).
Electron Transfer in Photosynthetic Reaction Centres
A series of PS I RC mutants has been created with altered P70o Chi ligands (Krabben 
et al., 2000). These mutations increase the oxidation potential of P700 by up to 140 mV. 
In the BRC, site-directed mutagensis around the BChl (Lin et al., 1994; Mattioli et al., 
1995; Huppman et al., 2002) and quinone (Takahashi et a l, 2001), and extraction and 
replacement of the quinones with alternate acceptors (Gunner et al., 1986; Wamcke & 
Dutton, 1993; Wamcke et al., 1994) have led to an extensive understanding of the ET 
reactions. The distance dependence on /cet in 8 ET reactions within the BRC has been 
analysed by Moser & Dutton (1992) allowing the calculation of a general value for the 
electronic coupling. This is described further in Section 1.4. The effect of the driving 
force on ET has been thoroughly established and the various reorganisation energies 
characterised (reviewed in e.g. Moser et al. (1995); Parson (1996)).
In a series of experiments, Allen, Williams and coworkers have demonstrated the 
utility of tuning specific protein-BChl interactions. In the Rhodobacter sphaeroide RC, 
the oxidation potential of the special pair was tuned by the introduction of up to four 
hydrogen bonds with the BChl special pair. The introduction of four H-bonds was able 
to increase the oxidation potential of P in a stepwise fashion by 355 mV (Lin et al. 
(1994); Mattioli et al. (1995), reviewed in Allen & Williams (1995)). By introduc­
ing ionizable residues around the BChl special pair the P/P+ oxidation potential was 
also increased (Johnson & Parson, 2002). Remarkably, the oxidation potential of the
14
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Figure 1.8: A porphyrin-quinone diad described in (Ho et al., 1980)
quadruple H-bond mutant is sufficient to oxidise an introduced tyrosine (Kalman et al., 
1999) and to oxidase exogenous manganese (Kalman et al., 2003).
Donor-Acceptor Molecules
Organic molecules comprising a covalently linked electron donor and acceptor have 
been used for many years in the study of photo-induced charge separation. Some 
notable early work, taking inspiration from the photosynthetic reaction centre, used 
molecules consisting of an amide-linked free-base porphyrin and benzoquinone (Fig­
ure 1.8). These molecules showed quinone-induced quenching of the porphyrin fluo­
rescence and porphyrin cation radical generation upon excitation (Ho et al., 1980), con­
sistent with the formation of a charge separated state. Many different designs of donor- 
acceptor molecules have been described and these have been reviewed by Wasielewski 
(1992); Kurreck & Huber (1995); Gust et al. (1993, 2001). These include molecules 
where the quinone acceptors have been replaced with fullerene (C60) (Gust et al., 2001) 
and more complex molecules such as pentads (Gust et al., 1993).
One demonstration of these molecules was described by Steinberg-Yfrach et al. 
(1998) (reviewed by Gust et al. (1993)). The authors created a “triad” molecule con­
sisting of a carotenoid, porphyrin and quinone. Upon excitation the porphyrin donates 
an electron to the quinone and the hole left on the porphyrin is filled from the carotenoid 
7T system. This gives the molecule a charge separated state with a lifetime sufficiently 
long-lived to allow ET from the semiquinone to another quinone in solution. This re­
action was proton-coupled and when the triad was oriented in an artificial membrane
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with the quinone acceptor, light-induced proton pumping was observed. This generated 
a proton motive force sufficient to generate ATP with an ATP synthase complex.
These donor-acceptor molecules offer several advantages over protein systems when 
studying ET reactions. A covalently-linked donor and acceptor are more strongly elec­
tronically coupled than if they are (non-covalently) protein-bound. However, the mea­
sured kET values are typically non-physiological as a result (discussed further in Sec­
tion 1.4). The molecular structure of these model compounds can be accurately deter­
mined by molecular modelling as can the electronic structure. This allows very precise 
interpretation of the measured properties of these systems and a very rational approach 
to design specific properties. As more protein structures are solved and computing 
power is increased this will likely become more of a reality in the protein ET field.
1.4 Electron Transfer Theory
Upon absorption of a sufficiently energetic photon, a light-activated molecule (P), such 
as (B)Chl or ZnP, is transformed to an electronically excited state (P*). This species is 
generally a highly-energetic and thus unstable species, which is relatively short lived. 
P* is deactivated by either radiative or non-radiative transitions back to the ground 
state and these mechanisms are shown in Figure 1.9. Each of these decay processes is 
characterised by a unimolecular rate constant (k\) and each excited state characterised 
by a lifetime (r) which is described by:
r  =
1
I > i ’
( 1 . 1 )
In some circumstances, the excited state lifetimes are sufficiently long-lived to allow a 
bimolecular reaction with another (generally ground state) molecular (Q). Commonly 
this process is either energy transfer or electron transfer (ET), and in the case of a 
reaction with Q, the excited state lifetime of P is shortened:
T Q  Z h  + kET ’ ( L 2 )
where kET describes the rate of energy transfer or ET. This is immensely helpful to 
the experimentalist as it allows a method of measuring ET reactions. Essentially, the
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-y—3P*(T1)
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Figure 1.9: A Jabionski diagram illustrating the different energy levels and types of 
transitions that can occur in e.g. a porphyrin system. So is the singlet ground state 
while Sn and Si are any and the lowest excited singlet states and Ti is the lowest 
excited triplet state. The transitions are fluorescence (/cf) and phosphorescence (kp ), 
which are radiative, and internal conversion (k\c) and intersystem crossing (/ciscX 
which are non-radiative.
lifetime of P* is measured, typically by fluorescence decay, both in the presence (t q ) 
and absence (to) of an acceptor, kEr  is then obtained by:
kET =  Tq 1 -  Tq 1. (1.3)
Eqn 1.3 is used in Chapter 5. These values can be used to calculate the efficiency (T>) 
of the reaction:
$  =  1 - ^ .  (1.4)
TO
It follows that, for practical reasons, an energy or ET reaction is only observed when 
the excited state has a lifetime longer than about 1 ns. This is typically the case for 
(B)Chls and explains the advantages of using ZnP, which has a 14 ms triplet lifetime.
We shall now briefly look at the differences between energy transfer and ET. Both 
mechanisms are important in biology. The solar energy collected in the light harvesting 
complexes, which surround the photosynthetic RCs, is transfered to the reaction centre 
in a series of energy transfer reactions, but once in the RC this energy drives ET reac­
tions. Photosynthetic energy transfer has been reviewed by (Gobets & van Grondelle, 
2001; Cogdell et al., 2003), while biological ET has been the focus of many excellent 
reviews (Marcus & Sutin, 1985; Winkler & Gray, 1992; Winkler et al., 1999; Moser
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etal ,  1995; Larsson, 1998) and books such as (Bolton & Mataga, 1991; Bendall, 1996). 
In the case of an energy transfer reaction, P* deactivates by transfer of energy to a suit­
able quencher. This returns P to the the ground state, while intum exciting Q. This 
reaction is described by:
P* +  Q —>P +  Q*. (1.5)
Q* then returns to the ground state either by an additional energy transfer reaction or 
by other deactivation. Due to conservation, energy transfer is a down-hill process and 
can generally be described by either Dexter or Förster excitation transfer6.
Deactivation of P* through ET occurs a little differently than by energy transfer 
reactions. P* is returned to the ground state via a radical state (such as P+ ). An 
example of this is:
P* +  Q —* P +' +  Q ~ , fcET, (1-9)
P +' +  Q— —> P +  Q , fcCR. (1.10)
6Dexter excitation transfer, which is also known as electron exchange excitation transfer, occurs by 
an electron exchange mechanism and requires an overlap of the orbitals between P* and Q. Thus, this 
mechanism requires that P and Q be both spatially close and strongly-coupled. The rate is described by:
k oc [h/(27r)]P2Jexp[—2r/L] (1.6)
where L and P are constants, r is the distance between the donor and acceptor and J is the spectral 
overlap integral. J describes the degree of overlap between the fluorescence emission spectrum of P and 
the absorbance spectrum of Q. J is calculated by:
/  F(A)e(A)A4dA 
/  F(A)dA ’
(1.7)
where F(A) is the fluorescence intensity of D and e(A) is the absorption coefficient of D, both at a given 
wavelength, A in units of cm-1 .
Förster excitation transfer, which is also known as dipole-dipole excitation transfer, is a long-range 
tranfer mechanism involving an interaction between the transition dipole moments of P and Q. The rate 
is described by:
K2J8.8xl023mol
( 1.8)
n4r0r6
where k  is an orientation factor, n the refractive index of the medium, To, r and J are as described 
previously. Fluorescence resonance energy transfer (FRET) is a phenomenon described by a Förster 
mechanism and this is used in the following chapters.
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Eqn 1.10 is a consequence of the instability of the charge separated state and kcR de­
scribes the rate of the charge recombination reaction which is also known as the back- 
reaction.
In the ET reactions discussed in this work, P and Q are termed electron donors 
and acceptors, respectively. A good example of this is when eqn 1.9 describes the 
light-induced ET event in the primary photochemsity of a photosynthetic RC where P 
is (B)Chl and Q is a (B)Pheo. In photosynthesis however, eqn 1.10 is non-productive 
and in a functional RC the charges are not allowed to recombine. Preventing charge 
recombination is not trivial as the charge separated state is energetically unstable due 
to Coulombic attraction between the cation and anion radicals. Additionally the radicals 
can be very unstable and may deactivate through chemical reactions with the solvent, 
protein or oxygen. These issues aside, in order to prevent charge recombination, either 
the charges must be further separated or the charges otherwise neutralised. Coulomb’s 
law states that the attraction will decrease exponentially with distance7 and while the 
best method of stabilising the charge separated state is to physically move P and Q 
further apart it is generally not feasible when they are protein-bound. Another option 
is to allow the charges to move further apart through additional ET reactions with other 
redox active components (cofactors). This is often termed linear ET and occurs in a 
functional RC by:
P + Q ~ + A ^  P+'Q +  A~ , ^ET2) (1.12)
P+'Q +  D ^  PQ + D+' . ^ e t 3 > (1.13)
where D and A are an additional electron donor and acceptor, respectively. In the 
case of the BRC, A is the primary quinone, Qa and D a heme. This mechansim too 
returns P to the ground state but also converts the absorbed energy of the photon into 
a fairly stable chemical potential. In order for the reactions in eqn’s 1.12 and 1.13 
to occur kET2 > kcR and kET3 > k_ET2. More generally, the ET reactions must be
7Coulomb’s law states:
qiq2
47T£oR 2
( 1 . 1 1 )
where qi and q2 are the net charges of the two molecules, R is the separation of the molecules and £o is 
the permittivity of space (8.854 x 10-12 C2J-1m-1).
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optimised to occur at a maximal rate yet have a minimal rate of charge recombination 
(e.g. /cet2 ^  ^ - et2 and kET kcFt).
Long-range ET is a quantum mechanical phenomenon where the donated electron 
is either located on D or A, instantaneously tunnelling from one to the other. In this 
case kET is relatively insensitive to changes in temperature, which allowed DeVault & 
Chance (1966) to identify tunnelling as a likely ET mechanism in proteins. kET can be 
calculated according to Fermi’s golden rule:
where HAb is the electronic coupling between the donor (D) and acceptor (A). The FC 
term describes the Franck-Condon weighted density of states, which was interpreted 
by Marcus (1956) (reviewed in Marcus & Sutin (1985)) in terms of simple harmonic 
oscillators8. This allows the calculation of kÊ  by:
where h is Planks constant, kB is the Boltzmann constant, A is the reorganisation energy 
and AG7̂ is the activation energy which is related to the reaction driving force (AG°) 
by:
The three terms, HAb , A and AG° will be described in turn. The ability to modulate /cet 
in a protein by altering each of these properties will be specifically discussed below.
Electronic Coupling
The electronic coupling matrix elements, HAB, describes the overlap of the wave func­
tions of the donor and acceptor. In a protein this can be described most simply9 in 
terms of an electron tunelling (quantum mechanically) from one narrow potential well 
through a uniform insulating barrier of height V to another well of equal depth (Hop- 
field, 1974). In this case the coupling has an exponential distance (R) dependence
8It should be mentioned that some of the assumptions made in Marcus theory do not describe very- 
fast (fs) ET reactions very well.
9Unfortunately however, often the most simple quantum mechanical explanations are not very simple.
k ET =  y H^bFC (1.14)
(1.15)
(1.16)
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described by:
Hab 0(1 exp(—2R\/2mV /h) = exp(—ßK) (1.17)
where m is the mass of the electron and ß  is an exponential coefficient (Gamow, 1928). 
The maximal rate of ET (when -AG° — A) is approximately related to ß  by:
where R is the edge-to-edge separation of D and A, and Rq is about 3.6 Ä10. Some 
typical ß  values are given in Table 1.4. Moser & Dutton (1992) showed that the eight 
characterised ET reactions in the BRC have a kEr  vs. R dependence with ß = 1.4, the 
same ß  value found in organic solvents. This led the authors to suggest an empirical 
description of protein ET, known as Dutton’s ruler:
which seems to be accurate to about an order of magnitude. In the molecular diads 
discussed later in Section 1.8, D and A are covalently attached, ß  and therefore the 
electronic coupling is typically much stronger in these diads than in the proteins they 
are mimicking. Thus, when trying to mimic the photochemistry within an RC, there is 
good reason to place a protein between D and A. This would be typically achieved by 
binding these cofactors to the protein.
In the superexchange model (McConnell, 1961), which has been identified as the 
major mechanism for long-range ET in proteins (Onuchic et al., 1992), molecular or­
bitals on the intervening protein residues act as virtual intermediates which together 
constitute the ET pathway. D and A are coupled via these virtual intermediates. An ap­
proximate value of the superexchange coupling matrix element can be obtained using 
perturbation theory:
where Vai and Vjd are the couplings of the donor and acceptor electronic states to the 
bridge states, i, j, and Gy is the electronic Green’s function of the bridge (Cheung et al.,
10Ro is twice the average van der Waals radius of the constituents of D and A (typically a value for 
carbon is used (~  1.8 Ä))
kET ~  1013exp[—/?(R -  Rq)], (1.18)
log/cET =  15 -  0.6R -  3.1(AG +  X ) 2 / X , (1.19)
( 1.20)
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Table 1.1: Effect of the intervening medium on kET-
Medium ß
(A “ 1)
V
(eV)
/cet at 10 Ä
(s_1)
Through-space
vacuum 2.8 7.5 105
solvent 1.4 1.9 109
protein 1.4 1.9 109
Through-bond
covalent 0.7 0.5 1011
conjugated 0 0 1013
The ß  values are from Moser & Dutton (1992), V is the barrier height, calculated from 
eqn 1.17 by the method of Larsson (1998), and kET was calculated from eqn 1.18.
1999). It is not trivial to calculate eqn 1.20 in large systems such as protein, as the 
electronic structure of the protein is required. In cyt b562, a relative small single-heme 
protein of 106 amino acids (described in Section 1.2 and Chapter 3), there are more than 
1700 atoms. The electronic structure of cyt &562 can be calculated using the extended 
Hückel method. More accurate calculations using semi-empirical or ab-initio methods 
are currently computationally very expensive on proteins of this size. Obviously for 
larger proteins this is even more of a problem. Beratan et al. (1987) (reviewed in 
Beratan & Onuchic (1996)) have developed another method to estimate Hab based 
on a /3-weighted average of all the possible through-bond and through-space paths the 
electron can take during the tunnelling reaction. The Beratan method is called the 
pathways model and its attraction is that is not particularly computationally difficult. 
This method is used in Chapter 5. Due to the exponential distance dependence on kEt , 
typically ET in a protein occurs in a roughly straight line from D to A. Therefore it is 
generally only those residues directly between D and A that must be directly considered 
as bridge states. It should then be possible to modulate the electronic coupling, and thus 
kET, by alteration of these amino acid residues. There is some experimental evidence 
that this is possible (Huppman et al., 2002) but the authors could not distinguish the
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contribution from altered coupling and that from changes in AG°.
Reorganisation Energy
The reorganisation energy, A, was first described by Marcus (reviewed in Marcus & 
Sutin (1985)). A is defined as the energy required to distort the equilibrium geometry 
of the reactant (D and A) and environment (protein and immediate solvent) to an equi­
librium geometry of the product and its environment, without allowing the transfer of 
the electron. The charge distribution can be quite different in the charge-separated state 
which must be accommodated through alteration of the local dielectric through struc­
tural rearrangements. This can be fairly far-reaching and when one or both D and A are 
solvent-exposed then A can get large (> 1 eV). As solvent-reorganisation can have such 
a major influence on A, when both D and A are well buried withing a protein away from 
the solvent then A can be small (< 0.4 eV). The contribution from bond deformation 
with the donor and acceptor molecules can also have a significant effect on A. If D and 
A have i and j  many bonds, respectively, which undergo rearrangement upon ET, their 
effect on A can be estimated from-.
A = i y > DlAr2Dl+ k AjA ii . )  (1.21)
where k is the force constant of the bonds within A or B, and A r it the change in 
these bond lengths. The consequence of eqn 1.21 has a considerable effect on por­
phyrin/protein electron transfer reactions. For cyts, the oxidation state changes occur 
in the central iron atoms of bound heme molecules. The four Fe-N bonds show a signif­
icant change in bond length (Ar), in the order of 0.1 Ä each. This results in a relatively 
large A value for Fe(II)<->Fe(III) redox reactions. The converse of this is the case with 
regard to Chi. The excited state of Chi* is shared over the many bonds within the con­
jugation pathway of the porphyrin. The bond deformation (Ar) is very small and thus 
A is small. To determine the contribution the environment reorganisation has on A in 
a protein, the electrostatic potential of the protein must be calculated. This is possible 
by continuum electrostatics calculations based on the solution the Poisson-Boltzmann 
equation (see e.g. Sharp (1998)), described briefly in Chapter 5.
Tuning an ET reaction by rationally manipulating A is a daunting task. One ad-
23
Chapter 1. Introduction
kET(max)
inverted
region
Figure 1.10: A theoretical Marcus curve (Dutton’s ruler (Moser & Dutton, 1996), eqn 
1.19) where A = 0.7 eV and the cofactor separation = 10 Ä.
vantage of using a special pair of (B)Chl in an RC is that the electron hole on P+ is 
shared over two (B)Chl molecules. Thus, according to eqn 1.21 the reorganisation en­
ergy associated with P/P+ would be expected to be smaller than that associated with 
(B)Chl/(B)Chl+. From a protein engineering perspective, it is possible to alter the pro­
teins local dielectric by introducing e.g. charged residues. It may also be possible to 
alter the solvent-exposure of the donor and/or acceptor and thus the solvent reorgan­
isation energy. These methods will all potentially also alter AG° and Hab and thus 
manipulation of /cet by tuning A is not the method of choice.
Driving Force
Aside from changing the cofactor distance, altering the driving force is probably the 
most tangible method of tuning ET reactions in a protein. It should be noted that eqn 
1.16 describes a Gaussian and as -AG° is increased, /cet becomes maximal then slows 
when -AG° > A. This is a rather counter-intuitive effect that has been experimentally 
well-documented (Marcus & Sutin, 1985). The region where -AG° > A is called the 
inverted region. The inverted region is shown in Figure 1.10.
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The value of AG° for light-induced ET can be calculated by a method developed 
by Rehm& Weller (1970):
AG£T(eV) =  AE -  E0,0 -  e2/4we0esR  (1.22)
AE = E°(D+VD) -  E°(A /A ~) (1.23)
where E°(D+'/D ) and E°(A/A_ ) are the experimentally determined standard elec- 
trode potential of the donor and acceptor radicals, respectively, vs. the same reference 
electrode (e.g. the standard hydrogen electrode, SHE), e is the elementary charge, £q 
is the permittivity of free space, £s is the static dielectric constant, R is the centre-to- 
centre distance between the ions and Eo^11 is the energy of the lowest excited state of 
the donor (zero, zero transient energy). The Coulombic term (e2/47T£0£R) arises due to 
the Coulombic attraction betwen the donor and acceptor in the charge separated state 
(D+‘ and A" ). In water (es ~  80) this term approaches 0 and is often ignored. This 
approach may not be valid for the case of protein-bound cofactors where the dielectric 
of the protein in places may be as low as ~  4 (discussed in Johnson & Parson (2002)). 
However, due to charge screening within the protein the effective charges may also be 
reduced and this Coulombic term becomes rather uncertain. On the other hand, E0)o can 
be experimentally determined from the average donor absorbance (Qy for a porphyrin) 
and fluorescence maxima (Marcus & Sutin, 1985; Sutin, 1982). The penalty the RC 
primary donor pays in having a lower energy than the other (B)Chl is that it also has a 
E0)o value.
By varying the spectral properties of the donor (E0)o), the midpoint potential of 
either the donor or acceptor (AE), or the dielectric of the protein we can modulate 
AG° and thus /cet- In practical terms, if the protein local dielectric is altered around 
either D or A there will be a change in A E  also. Likewise, by perturbing the spectral 
properties of D, and thus E0,o, it is likely one will also change AE. As both E0)o and 
AE can be measured, it is possible to determine the relative contributions.
In a light-induced ET reaction, the subsequent charge recombination has a driving 
force:
-AG°cr =  E0,0 +  AG°e t . (1.24)
"For ground state ET such as for —> Qb in PS II and the BRC, Eq,o = 0
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Thus the activation energy (AG^) which governs the maximal rate of ET is quite dif­
ferent in the forward and back reactions:
AG^ (forward) =  (AGet +  A)2/A (1.25)
A G ^back) = (AG°cr +  A)2/A (1.26)
— (—(Eq,o +  AG^t ) +  A)2/A. (1.27)
Often this — E0i0 shift is sufficient to push the back-reaction well into the Marcus 
inverted-region and thus kET kcR which allows productive linear ET, such as in 
eqn 1.12 and 1.13, to occur.
To summarise, long-range protein ET reactions occur by a tunnelling mechanism 
described by Marcus theory (Marcus & Sutin, 1985). The rate of ET is dependent 
on the distance between the donor and acceptor, and the intervening medium. If the 
donor and acceptor are at a fixed distance and orientation, kEt is dependent on the 
electronic coupling, the driving force, and the reorganisation energy, and to some extent 
the temperature. The most tangible method of modulating the rate of ET in a protein is 
probably to alter the cofactor distance or the driving force. The latter approach is used 
in Chapter 5.
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Materials and Methods
2.1 Cloning and Mutagenesis of the E. coli Cytochrome A562
Cloning
Genomic DNA was extracted from an overnight culture of E. coli BL21 DE3 (No- 
vagen). A CTAB/phenol/chloroform protocol1 was used to purify genomic DNA. No 
further steps were required.
The sequence of the gene encoding the E. coli strain B-type cyt b562 (gene cybC) 
was retrieved from the NCBI sequence data bank. Primers were designed to amplify 
the gene without the N-terminal periplasmic signalling sequence. The primers had the 
following sequence:
Forward: GGTATTGAGG GTCGCATGGC TGATCTTGAA GACAATATGGAAACC 
Reverse: AGAGGAGAGT TAGAGCCTCA TTAACGATAC TTCTGGTGATAGGCG 
They both include a sequence for Ligation Independent Cloning (LIC) into the Novagen 
vector pET-30 Xa/LIC. The reverse primer adds a second stop codon to ensure the cor­
rect termination of ribosomal translation of the recombinant protein. Standard PCR 
methods were employed but considerable optimisation of the reaction was required. 
The PCR reaction was supplemented with MgS04 to a final concentration of 4 mM. 
The reaction required the addition of 2 units of /nvoTURBO DNA Polymerase (Strata- 
gene) and the forward primer after a hot start to prevent the formation of primer dimers. 
Any annealing temperature between 48°C and 58°C was sufficient for amplification of 
product. In addition to the desired product, despite reaction optimisation, consider­
able non-specific product was also produced, predominantly at smaller lengths than the 
desired gene. The amplified gene was gel-purified using a QIAprep kit (QIAGEN).
The gel-purified gene was ligated into pET-30 Xa/LIC (Novagen) using Novagen 
standard protocols for the LIC system. The ligated plasmid was transformed into Nov- 
aBlue (Novagen) using a standard heat-shock protocol (42°C, 30 s). The plasmid was 
purified from an overnight liquid culture of the transformants with a QIAquick spin
'Miniprep of bacterial genomic DNA in Current Protocols in Molecular Biology Online 2002, John 
Wiley and Sons, Inc.
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miniprep kit (QIAGEN). The plasmid was then transformed into BL21 DE3 pLysS (No- 
vagen) for subsequent expression, again using a standard heat-shock protocol. Trans­
formants were screened for expression of a protein of correct size. Likely candidates 
were DNA sequenced (see below) to confirm their identity. It was necessary to trans­
form the ligated plasmid into NovaBlue first as this strain has better plasmid mainte­
nance and is more competent than BL21.
To confirm the sequence of the cloned cybC gene and the subsequent site-directed 
mutants described below, DNA sequencing was performed. The pET vectors are de­
rived from the pBR322 plasmid which contains the ColEl origin of replication from 
pMBl. This origin of replication is tightly controlled, resulting in approximately 25 
copies of the plasmid per bacterial cell. This is considered a low copy number plas­
mid. In order to purify enough plasmid DNA for sequencing a 10 mL liquid culture 
was grown overnight (typically about 14-16 h) from a glycerol stock obtained from a 
single colony. The entire 10 mL culture was used in the miniprep. The plasmid was 
purified using a QIAquick spin miniprep kit (QIAGEN). The procedure was scaled 
up accordingly to account for the larger culture volume. Membranes from a QIAprep 
gel extraction kit (QIAGEN) were used in preference to those from the miniprep kit. 
This typically yielded enough plasmid for sequencing which was performed by the 
Biomolecular Resource Facility, JCSMR, ANU.
Site-Directed Mutagenesis of cybC
Oligonucleotide-mediated site-directed mutagenesis of the cybC gene was performed 
to construct mutants of the recombinant cyt &562. Initially the H63N mutant was created 
using the following primers:
Forward: GATTTCCGCA ACGGTTTCGA C 
Reverse: GTCGAAACCG TTGCGGAAAT C
which were used in concert with the original full-length cybC primers, in a 3 step 
PCR process ((1) Forward + LIC Reverse, (2) Reverse + LIC Forward, (3) product of 
(1) and (2) as template + LIC Forward and LIC Reverse) ((1) and (2) used the cybC 
pET-30 vector as template). PCR conditions were standard 2 and PCR products were
2PCR conditions typically consisted of 30 cycles of 95°C, 60 s/55°C, 60 s/72°C, 60 s
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gel-purified. The product of step (3) was treated similarly to the amplified cybC gene 
and ligated into pET-30 Xa/LIC and transformed into NovaBlue then BL21. After an 
expression screen candidates were sequenced to confirm they had the mutant sequence.
The M7H and 117C mutants were created from the H63N gene (c.f. wild type) 
and are thus double mutants. These mutants were constructed by the same methods 
as H63N. PCR protocols were standard and all PCR products were again gel-purified. 
The primers were as follows:
M7H Forward: CTTGAAGACA ATCATGAAAC CCTCAAC
M7H Reverse: GTTGAGGGTT TCATGATTGT CTTCAAGATC AGCC
I17C Forward: CAATTTAAAA GTGTGCGAAA AAGCGG
I17C Reverse: CCGCTTTTTC GCACACTTTT AAATTGTCGT TGAGGG
As the original LIC primers are prone to primer dimer formation, shorter LIC primers
were used. They have the following sequence:
LIC forward: GGTATTGAGG GTCGCATGG 
LIC reverse: AGAGGAGAGT TAGAGCCTC
The L30Y and L30H mutants were created from the I17C gene, again by standard 
methods. The primers are as follows:
L30Y Forward: CGTATACG A AG AT GCGCGCCGC AGCC
L30Y Reverse: GCGCGGCATCTTCGTATACGCGTCTTTGACTTGCGCCGC
L30H Forward: CGCACACGAAGATGCGCGCCGCAGCC
L30H Reverse: GCGCACTTCGTGTGCGCGTCTTTGACTTGCGCCGC
3hlx Mutants
The H63N and M7H genes were further mutated to yield a semi-synthetic 3-helix- 
bundle cyt. The cybC gene was amplified from the H63N or M7H pET-30 vectors 
using the LIC primers. This product was gel-purified and cut with Pst I endonuclease 
(Roche). The longer 5’ fragment was gel purified and amplified with the LIC forward 
primer and the following 57 nt. primer,
3hlx: AGAGGAGAGT TAGAGCCTC A TTAGCAGCCA CCGCCACCTT CATTTGCCAG 
CTTCAGC
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The PCR product was gel-purified and ligated into pET-30 Xa/LIC and then treated as 
for H63N and the other mutants of cyt &562.
The 3hlx primer encodes an LIC-compatable sequence and an additional stop codon. 
The LIC reverse primer is compatible with 3hlx-amplified sequence. The Pst I-cleavage 
was necessary to remove the 3’ end of the gene which has a LIC reverse sequence. The 
3hlx primer encodes the sequence Gly Gly Gly Cys preceding the stop codon. The 
codons encoding this sequence were chosen based on E. coli codon bias and then ran­
domised. The 3hlx primer is designed such that these four residues are cloned in frame 
after Gly 82, which is located in the loop linking helices 3 and 4. Thus the mutation 
removes helix 4 and replaces it with a flexible poly-glycine loop with a C-terminal 
cysteine which is designed to form a disulfide bond.
Expression and Purification
Expression
Typically 4 L liquid cultures of cyt-expressing BL21 were grown from which recom­
binant cyt b5Q2 was purified. The media used was generally 2xYT3 which was auto­
claved for 2 successive 30 min periods to fully sterilise the 4 L volume. This was 
inoculated with a 200 mL overnight culture of BL21 containing the pET-30 Xa/LIC 
vector encoding cyt Z?562 (or cyt mutant). This culture was inoculated from a glycerol 
stock of a single clone of transformed BL21. All cultures were grown in the presence 
of kanamycin A (30 /ig.mL-1, Sigma) and chloramphenicol (33 ^g.mL-1, Sigma). 
The culture was aerated with a marine aerator via a filter and large marine pump and 
grown in a 37°C incubator. Once the culture reached mid-log phase as measured by 
an ODgoonm of ~  0.5, it was induced with (1 mM final concentration) IPTG (isopropyl 
thiogalactoside, Sigma). The culture was grown for about 6 h after induction at which 
point the cells were harvested by centrifugation (5,000 g for 10 min in a GS-3 rotor4 
at room temperature). The cells were resuspended in a minimal volume of 50 mM tris 
(tris(hydroxymethyl)aminomethane), pH 8.0 and frozen at -20°C. Typically the cells 
were a pink/red colour with a UV/Vis. spectrum attributable to cyt &562.
32xYT media consists of 16 g tryptone, 10 g yeast extract, 5 g NaCl per litre water
4A11 rotors were Sorvall brand
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Purification
Frozen cells were thawed, DNase I (Boehringer Mannheim) added (typically several 
mg was used) and sonicated for several min The cells were then incubated at 37°C 
for 30 min with shaking then centrifuged to remove unbroken cells and debris (17,000 
rpm, 20 min, SS-34 rotor). The supernatant was loaded onto a 10 cm diameter column 
(BioRad EconoColumn) containing Fractogel (Novagen) pre-equilibrated with 50 mM 
tris pH 8.0. The bound protein was washed as follows:
(1) 500 mM NaCl, 50 mM tris pH 8.0
(2) 50 mM imidazole (Sigma), 450 mM NaCl, 50 mM tris pH 8.0
(3) 500 mM imidazole, 50 mM tris pH 8.0
The protein eluted in 500 mM imidazole. As much of the recombinant protein bound 
heme in vivo, it was possible to visually monitor the cyt during purification. The eluted 
cyt was dialysed against 4 L 100 mM KC1 overnight to remove the imidazole. The pro­
tein was then concentrated in a Centriprep YM-10 (10,000 molecular weight cut-off, 
Millipore) filtration unit (typically to a final volume of 10-20 mL) and the buffer ad­
justed to 20 mM tris, 100 mM NaCl, 5 mM CaCl2, pH 8.0. The cyt was incubated with 
30 units of the site-specific protease Factor Xa (Novagen) at 37°C with gentle shak­
ing for 24-48 h. This step was sometimes performed at 4°C for labile mutants. The 
cleavage was monitored by sodium dodecyl sulfate polyacrylamide gel electrophore­
sis (SDS-PAGE) (Figure 2.1 a and b). Once cleavage was complete the protein was 
loaded onto a 5 cm diameter column (BioRad EconoColumn) containing Ni-NTA resin 
(QIAGEN) pre-equilibrated with 50 mM tris pH 8.0. The flow-through containing the 
purified cyt was collected and again concentrated in a Centriprep YM-10.
Generally at this stage the protein was considered to be pure, as only one band was 
visible on an overloaded SDS-PAGE gel stained with Coomassie brilliant blue (Figure 
2.1 c). The apparent size of the cyt on the gel was consistent with expectations and N- 
terminal sequencing confirmed cleavage of the N-term His-tag/linker. If contamination 
was present the protein was dialysed against 10 mM potassium phosphate (KP;), pH 
7.0. This was loaded onto a DEAE Sepharose (Amersham Pharmacia Biotech) column 
and eluted with 50 mM NaCl, 10 mM KPZ, pH 7.0. This was sufficient to remove any
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kDa
Figure 2.1: SDS PAGE (18% acrylamide) of (a) purified uncut wt-cyt b562 protein,
(b) Factor Xa-cleaved protein, and purified (c) cyt and (d) N-terminal His tag/linker.
The gel is purposefully over-loaded to demonstrate the purity of the sample.
remaining contaminants.
Preparation o f Apocyt b ^ 2
As much of the cyt contained bound heme, it was necessary to remove this heme before 
further work could be undertaken. This was achieved using the modified method of 
Teale (1959) (Ishida et al., 1998). Dropwise 1.0 M HC1 was added at 0°C to an aqueous 
solution of cyt 6562 until the pH of the solution reached 2.0. An equal volume of methyl 
ethyl ketone (MEK) (2-butanone) chilled at 0°C was added to this reaction mixture. 
The mixture was mixed and left to separate. The protoheme fractionated into the MEK 
and this phase was separated. Additional extractions (typically 3-4) were performed 
until the organic phase remained colourless and showed no UV/Vis. absorption due 
to the heme. The aqueous phase, containing the apo-protein was then separated and 
subjected to repeated dialysis against 100 mM KC1 to remove the remaining MEK. The 
concentration of apo-protein was determined by heme titration (outlined below) or on 
the basis of absorbance at 277 nm (e = 3.0 mM-1cm_1, Feng & Sligar (1991).
2.2 Cloning and Mutagenesis of a de «ovö-Designed Peptide
Working with Reza Razeghifard I synthesised a gene encoding a 62 residue de novo- 
designed peptide maquette originally designed by Dutton and coworkers (Robertson
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et al. (1994); Sharp et al. (19986) reviewed in Gibney & Dutton (2001)). This is de­
scribed in Razeghifard & Wydrzynski (2003). Successive PCR amplification of 5 long 
contiguous oligonucleotides (primers) was used to create the synthetic gene, which has 
the sequence: CTG AAA AAG CTG CGC GAG GAA GCG TTA AAA CTT CTG 
GAA GAA TTT AAG AAA TTG CTG GAA GAA CAT CTG AAA TGG CTA GAA 
GGT GGC GGC GGT GGC GGG GGC GGT GAG CTC TTA AAA CTG CAC GAA 
GAA CTG CTT AAA AAG TGC GAG GAA TTA CTG AAA CTG GCC GAG GAA 
CGT CTC AAG AAA TTG. The sequence of the peptide is given in the following 
chapter. Mutants were constructed in a similar manner with one or two of the 5 primers 
modified. The genes were then amplified with LIC-compatable primers and cloned into 
either pET-30 Xa/LIC or pET 32 Xa/LIC (Novagen) as described for cyt b562- The de 
novo peptides were expressed and purified in a very similar manner to the cyt 6562 pro­
teins, or with slight modifications as described in Razeghifard & Wydrzynski (2003).
2.3 Porphyrin Binding and K d Analysis
Apoprotein was reconstituted with freshly prepared hemin chloride, ZnPP, Zn-Ce6 
or other porphyrins by standard literature methods for heme insertion into de novo- 
designed peptides (Gibney & Dutton, 2001; Lombardi etal., 2001) by the slow addition 
of < 1 fiM aliquots of porphyrin (generally in DMSO) to the apoprotein with constant 
mixing. K d values for binding were determined by the careful titration of small aliquots 
of porphyrin into a solution of the apoprotein with the extent of binding monitored by 
distinctive porphyrin absorbance. Titrations were fit to:
AAbs =  £b [bound] +  es [unbound]
[bound] =  i  (([E„] +  [L] + Kd) -  VdEo] +  [L] +  Kd)* -  4([E0][L])) 
[unbound] =  [L] — [bound] (2.1)
where AAbs is the change in absorbance at a wavelength of interest (e.g. Soret max­
ima) and £b and £s are the absorption coefficient of protein-bound porphyrin and por­
phyrin in solution, respectively, at this wavelength, [E0] is the protein concentration 
and [L] is the total porphyrin concentration. Typically [E0] was determined by titration 
of 200 nM aliquots of hemin or zinc protoporphyrin (ZnPP) into > 2 /rM apoprotein
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([E0] »  [L] »  Ka) and K j  was determined by titration of 10 or 100 nM aliquots of 
porphyrin into known concentrations of apoprotein at ~10-20x the aliquot concentra­
tion.
Hemin chloride and free-base protoporphyrin IX were purchased from Sigma and 
Ce6 and ZnPP from Porphyrin Products (Frontier Scientific). All chlorins/porphyrins 
were used as supplied and only fresh stock solutions in DMSO were used. Hemin con­
centration was determined by £385nm = 58.4 mM-1cm-1 in water. Zn-Ce6 was obtained 
by metallation of free-base Ce6 by a modified method of Razeghifard & Wydrzynski 
(2003).
ß/s-imidazole ligated heme was prepared by the addition of 100 mM imidazole to 
freshly-prepared stirred hemin in solution weakly buffered to pH 8. The concentration 
of hemin was kept below ~20 pM  to reduce aggregation. The sample was then buffered 
with 50 mM KP* and the pH adjusted to 7.0.
2.4 Quinone Binding
Quinones were bound to apo-I17C, apo-L30Y or apo-L30H by adding a 5-fold molar 
excess of quinone to the protein at pH 7.0, which was allowed to react for 30 min with 
gentle mixing. Quinones, all obtained from Sigma, were made fresh in ethanol. This 
was done in the dark. The unbound quinone was then removed by dialysis. Follow­
ing dialysis there was no detectable unbound quinone as measured by EPR. All bound 
quinone was in the oxidised state as measured by absorbance and fluorescence. If the 
I17C protein is gently bubbled with oxygen in 50 mM bicarbonate at pH 9, it quickly 
becomes cross-linked due to intra-protein disulfide bond formation. This was not ob­
served with the quinone-bound I17C protein, suggesting that labelling occurs with near 
unit efficiency. As the I17C (and other L30 proteins) become crosslinked during the pu­
rification process, the proteins were treated with dithiothreitol and dialysed at pH 5 in 1 
mM sodium acetate (to prevent re-reduction) prior to quinone binding. No cross-linked 
protein was detected by non-reducing SDS-PAGE after this treatment.
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Chromatography
Size-exclusion chromatography was typically performed on two Protein Pak 300sw 
columns (Waters) at 1 mL min-1 in 10 mM KP*, pH 7.0 with detection at 220 nm. The 
column was calibrated using insulin (5.7 kDa), ribonuclease S (11.5/2.2 kDa), horse 
heart cyt c (12.3 kDa), lysozyme (14.4 kDa), myoglobin (17 kDa), chymotrypsenogen 
A (25.7 kDa), pepsin (36 kDa), catalase (60 kDa) and bovine serum albumin (67 kDa).
Optical Spectroscopy
CD spectroscopy was performed on a ISA Jobin Yvon CD 6 spectropolarimeter (Instru­
ments S. A. Inc.) at room temperature using a 0.1 or 1 cm quartz cell for the UV and 
Soret region, respectively. Absorbance measurements were made on a Varian Cary 300 
spectrophotometer or OLIS RSM rapid-scanning spectrophotometer. 1 cm pathlength 
cuvettes were used unless stated otherwise. Steady-state fluorescence measurements 
were made on either an SLM 8100 (Spectronic, Rochester, NY) or Spex FluoroMax-3 
(Jobin Yvon Horiba).
Fluorescence polarisation measurements were made with an SLM 8100 in the L- 
format. For the dilution experiments described in Chapter 3.3, each measurement was 
made with excitation and emission at 280 and 340 nm, respectively and a 5 nm slit 
width. Ten measurements were averaged at each point and the G-factor continuously 
measured.
Fluorescence decay kinetics were obtained by the time correlated single photon 
counting technique as outlined previously (Ghiggino & Smith, 1993; Sisido et al., 2001) 
with a rhodamine 6G dye laser pumped by a SESAM mode-locked diode pumped solid 
state laser (Time-Bandwidth, Cheetah X) at ~600 nm and emission at 650 nm. The 
observed decay curves were analysed by non-linear least squares iterative reconvolution 
into multicomponent exponential functions by using a repeated reconvolution program 
(Ghiggino & Smith, 1993).
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Denaturation
Guanidine denaturation was performed by incubation of the protein in guanidine for at 
least one hour at 20°C before measurement. The sample typically also contained 50 
mM KPi, 100 mM KCl, pH 7.0. For the cyts, the degree of denaturation was followed 
by bound heme Soret absorbance and fit to a two state transition of the form:
fraction folded =  1/[1 +  exp(—(AGH2° — m[Gdn])/RT)], (2.2)
according to the method of Pace (1986).
Thermal denaturation of M7H (Chapter 3) was performed with the aid of a circu­
lating waterbath. The temperature was increased in 2-5° increments and the samples 
equilibrated for > 5 min before measurement. The extent of unfolding was determined 
by Soret absorbance for holo-proteins or second derivative UV absorbance for the apo­
protein. The data were corrected with first order baselines and A H  and T M determined 
from the derivative of the data. AG  was calculated from this using the Gibbs-Helmholtz 
equation:
AG  = H vU( 1 -  T /T m) -  ACp (Tm -  T -  Tln(T / T u )) (2.3)
with ACPvalues of 2.3 kJ mol-1 for apo-protein and 3.8 kJ mol-1 for holo-protein 
which were determined previously for apo- and holo-wt cyt 6562, respectively (Robin­
son et al., 1998).
Electron Paramagnetic Resonance
Low-Temperature EPR: Heme
EPR measurements of Fe(III)-heme were performed on a Bruker ESP 300E spectrom­
eter at 9.4 GHz. This was done with Karin Ahrling. All measuerments were made at 
10 K and 20% glycerol was used as a cryoprotectant in all samples. When necessary 
gx values were calculated by the method described in Walker et al. (1986) by:
gx +  Sy +  gz -  gxgy -  gxgz +  gygz +  4gx -  4gy -  4gz =  0. (2.4)
The ligand field parameters V  (rhombic splitting) and A (tetragonal splitting) were 
calculated using the method described in Taylor (1977) from the 3 low-spin g tensors.
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These were calculated in units of A (spin-orbit coupling constant) where:
v/x =  9 x / { g z + 9 y ) + 9 y / { 9 z - 9 x ) (2.5)
A/A 9 x / { 9 z  T  9 y )  T 9 z / { 9 y  ~  9 x )  ~  1/2U/A (2.6)
with 9 z  >  g y  >  9 x (2.7)
Room Temperature EPR
X-band EPR spectra were acquired at room temperature on a Bruker ESP300E spec­
trometer equipped with a TMO11 cavity. Generally the spectra were aquired at 1 -4 
mW microwave power with 1.0 G modulation amplitude and 100 KHz modulation fre­
quency. A conversion time of 41 ms, and a time constant of 81.9 ms was generally 
used with a subsequent sweep time of 42 s. Generally multiple (5-50) scans were av­
eraged. Unless stated otherwise, all samples were made anaerobic by the addition of 
glucose oxidase, glucose and catalase. When necessary, the samples were excited with 
saturating 10 ps xenon flashes from an EG&G electrooptic flash lamp. A non-magnetic 
optical fiber was used to illuminate the sample within the cavity. The sample was typi­
cally in a flat cell which allowed better signal-to-noise and light-saturation. There was 
negligible UV-excitation in this set up. The transient EPR spectra were acquired essen­
tially as described by Razeghifard & Wydrzynski (2003), although the time constant 
and microwave power were varied. These parameters are given in the figure legends.
Redox Measurements
Chemical Potentiometry
Redox titration data were fit to a single Nemst curve of the form:
fraction reduced = 1/ [l +  io(E_Em)A59/n)], (2.8)
where E is the solution redox potential in units of mV vs. the standard hydrogen elec­
trode (SHE). The data was typically fit with n as a free variable. In the case of the de 
fzovo-designed peptides with multiple bound hemes, eqn 2.8 was modified to:
fraction reduced =  (c/ [l +  io(E- Eml>/59] + (1 — c)/ [l +  io<E- Em2)/59] ) > (2.9)
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where Em 1 and Em2 are the two midpoint potentials, and c is the relative population of 
the heme molecules, c falls between 0 to 1 and in protein fully occupied with 2 heme, 
c = 0.5.
Heme
Heme redox potentiometry was performed essentially by the method of Dutton (1978) 
in an anaerobic cell continuously flushed with nitrogen. The mediators (10 pM) used 
were a mixture of some or all of the following depending on the potential scanned: 
1,4-benzoquinone, diamino duroquinone, phenazine methosulphate, phenazine etho- 
sulphate, duroquinone, 1,2-naphthoquinone, 1,4-naphthoquinone, trimethyl hydro- 
quinone, juglone and riboflavin-5'-monophosphate. The titrations were performed in 
an oxidising direction by the addition of ferricyanide and in the reducing direction with 
buffered sodium dithionite. The extent of heme reduction was measured by the a band 
absorbance intensity at about 560 nm. The samples were in 100 mM KC1 and buffered 
with 50 mM sodium acetate, KP; or tris as required. The solvent potential was mea­
sured with a KCl-saturated calomel electrode and a Pt counter electrode which was 
calibrated against 1:1 ferri/ferrocyanide (+430 mV).
Quinone
The redox potential of the quinones was measured by chemical redox titrations, again 
essentially as described by Dutton (1978). All samples were rigorously made anaerobic 
by continuously flushing the sample with nitrogen. These experiments were performed 
with ~  100 /iM quinone and 5 pM  each mediator. The mediators were some, or all of 
those mentioned above for heme. As the mediator concentration is quite low, the sam­
ple was left to equilibrated for 5-10 min after the addition of ferricyanide or dithionite. 
The extent of quinone reduction was monitored simultaneously at 300 nm and ~350 
nm. Semiquinone absorbance at 425 nm was also monitored but never observed. Mea­
surements were made in 100 mM KC1, 50 mM KP2, pH 7.0 against a KCl-saturated 
calomel electrode and a Pt counter electrode. The redox titration data were fit to a sin­
gle Nemst curve (eqn 2.8) with n as a free variable to determine whether the reacation 
showed n=l or n=2 behaviour.
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Electrochemistry
Conventional 3-electrode cyclic voltammetry was performed with a 3 mm diameter pol­
ished glassy carbon working electrode, Pt counter electrode and Ag/AgCl (sat. KC1) 
reference (all from Bioanalytical Systems, Inc.). Electrochemistry was performed with 
a Princeton Applied Research model 263A potentiostat (EG&G Instruments, Inc.) driven 
by a PC. The samples were continuously flushed with nitrogen and the temperature 
maintained at 25°C with a circulating water bath.
Molecular Modelling
The various cyt &562 mutations were modelled by selective geometry minimisation in a 
periodic box with the AMBER94 forcefield in HYPERCHEM (6.03 evaluation copy, 
Hypercube, Inc.). The porphyrins and quinones were similarly modelled with the mm+ 
force field. The electronic coupling and PATHWAYS calculations in porphyrin-protein- 
quinone complexes (Chapter 5) were done with HARLEM5. Figures were drawn with 
Swiss-Pdb Viewer (v3.7).
5Kumikov, I. V. (2000) HARLEM molecular modelling package, vl.O, Department o f Chemistry, 
University o f Pittsburgh, Pittsburgh, PA
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CHAPTER 3
Porphyrin Binding
This chapter describes the binding of various porphyrin and chlorin molecules1 to small 
proteins and peptides. The aim of this work was to generally characterise the binding 
of 5-coordinate porphyrins to peptides and more specifically, to construct a small and 
soluble peptide capable of binding an excitonically-coupled dimer of chlorophyll (Chi) 
analogues, thus mimicking the primary donor of a reaction centre.
3.1 Introduction
The most prevalent cofactor in photosynthesis is (bacterio)chlorophyll ((B)Chl). In the 
reaction centres (B)Chl is optimised to form a finely-tuned oxidant and allow vectorial 
ET (Moser et al., 1995; Parson, 1996), yet in the light harvesting antenna (B)Chl is 
involved in exciton transfer (Gobets & van Grondelle, 2001; Cogdell et al., 2003). The 
different functions of the (B)Chls in the light harvesting complexes (LHCs) and RCs 
is controlled by the protein environment, which tunes the local dielectric and provides 
specific molecular interactions. These molecular interactions include hydrogen bond­
ing, hydrophobic interactions and metal ligation. Through this, the protein is able to 
fine-tune: (i) £ 0,o> (w) E(Chl/Chl+ ) and thus AG°; (in) A; (iv) the cofactor distance 
and orientation and (u) the electronic coupling through the bridging amino acids; and 
(vi) the spectral properties of (B)Chl which govern light absorption. In essence the 
protein environment is able to modulate nearly every variable in the ET reaction (see 
Chapter 1.4).
One approach to study the interactions between the protein and (B)Chl is to study 
mutants of the RCs, and this has been described in Chapter 1.3. A similar approach 
involves the reconstitution of RC or LHC proteins with (B)Chl. Much of this work 
has been performed by Loach and co-workers using BChl-reconstitution of native and 
mutant/truncated LHC peptides (see for example (Davis et al., 1997; Kehoe et al., 
1998; Todd et al., 1998)). Another approach involves the construction of small (B)Chl- 
binding peptides. These offer several advantages (and a few disadvantages) to the natu­
ral systems. Typically the peptides can be modified, without major structural disruption,
1 Unless explicitly stated, the term porphyrin will be used to describe both porphyrins and chlorins
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to test the effect of a local environment change. In addition, molecular modelling of the 
peptide-(B)Chl complex is much less intimidating (and time-consuming) in these small 
systems than in a RC or light harvesting complex. This allows a rational approach to 
the design of these peptides. A problem arises however, as analogues of (B)Chl are 
needed for such studies. It is both difficult and unnecessary to design a (B)Chl binding 
pocket that can accommodate the phytyl tail of (B)Chl. In previous studies, (B)Chl 
analogues have been covalently attached to peptides. A de «ovo-designed peptide, that 
covalently bound two free-base coproporphyrin molecules that could dimerise forming 
a ’’special pair”, was described by Rabanal et al. (1996). More recently, (Rau et al., 
2001) covalently attached Zn-methyl-pyropheophorbide b and d to the exterior of a de 
«ovo-designed peptide. With this approach the (B)Chl analogues are solvent-exposed 
and also lack the protien-metal (Mg) ligation that is common to (B)Chl binding in the 
natural systems. Several heme-binding proteins such as myoglobin have been recon­
stituted with (B)Chl analogues (Wright & Boxer, 1981) and these offer a more natural 
binding environment. Porphyrin binding to a protein usually involves axial ligation and 
this is most commonly to a His in the case of (B)Chl. The hydrophobic phytyl tail 
in (B)Chl, and (B)Pheo must also play a major role in binding as (B)Pheo is protein- 
bound yet is unable to form an axial bond. There have been reports of peptides that bind 
(B)Chl through His ligation, these include myoglobin (Wright & Boxer, 1981), peptide 
fragments of natural (B)Chl-binding proteins (Eggink & Hoober, 2000), and few re­
ports of specifically-designed (B)Chl-binding peptides (Dudkowiak et al., 1998, 1999; 
Kashiwada et al., 1999; Razeghifard & Wydrzynski, 2003). His ligation is also the 
mode of heme binding and there is a wealth of literature describing de «ovo-designed 
heme-binding peptide maquettes (reviewed in (Gibney & Dutton, 2001) and mentioned 
in Chapter 1.2).
The work presented in this chapter describes the binding of heme and other por­
phyrins and chlorins to a family of de «ovo-designed peptides, to mutants of the E. 
coli cyt 6562 and finally to a novel semi-synthetic peptide. The role of axial ligation 
is discussed and the effect of the axial ligand on the properties of heme are explored. 
Although much of this chapter describes work with heme, many of the observations are 
also valid for the binding of (B)Chl analogues.
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Figure 3.1: The various porphyrins used in this work. Left, free-base protoporphyrin 
IX (PPIX), which can be metallated with zinc or iron to create zinc-PPIX (ZnPP) and 
heme, respectively. Centre, zinc-chlorin e6 (Zn-Ceß). Right, chlorophyl (R = phytyl 
tail, R2 = methyl (Chi a) or formyl (Chi b)
The Porphyrins
The porphyrins used in this work were principally iron protoporphyrin IX (heme); zinc- 
protoporphyrin IX (ZnPP); zinc-chlorin e6 (Zn-Ce6); and Chi a and b (Chiu, Chib). 
Some of these porphyrins are shown in Figure 3.1. Upon binding to a protein, heme 
forms axial ligands with one or two protein side chains. The amino acid side chains of 
His, methionine (Met), lysine, asparagine, tyrosine, proline and cysteine are able to act 
as such ligands forming nitrogen-, sulfur- or oxygen-iron bonds. The amino terminus 
has also been shown to act as a ligand. As is the case of (B)Chl discussed above, this 
bonding has a major role in regulating the properties of the ligated heme. Additionally, 
the bonding may be playing a significant role in the stabilisation of the heme-protein 
complex. In the cyts bis-His (bis-His) and Met/His ligation are much more common 
than the other forms of ligation where bis-His ligation predominates in the b-type cyt 
and Met/His ligation is generally found in the c-type cyts.
There are several key differences between iron- and zinc-metallated porphryins: (z) 
Fe can be either five or six coordinate and thus be ligated by one or two amino acid 
ligands. Zn is only five coordinate and thus forms only a single bond with the protein. 
(ii) Fe very efficiently quenches the porphyrin excited state. Thus the Fe-porphyrins do 
not fluoresce and, as the excited state lifetime is extremely short, are unable to act as
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light-induced electron donors, (in) Unlike Zn- (and Mg-), Fe-porphyrins can undergo 
a metal-centred ET reaction with the iron converting between the +2 and +3 oxidation 
states. Therefore, whilst not involved in light-induced ET, heme proteins are involved 
in ubiquitous ET reactions, (iv) Fe(III)-heme is high spin (S = 5/2) and thus param­
agnetic. If upon protein binding the heme becomes 6-coordinate, through /zA-ligation, 
the heme becomes low spin (S = 1/2). The HS and LS Fe(III)-heme has considerably 
different absorbance and EPR properties, which allows a relatively unambiguous as­
signment of the binding of this porphyrin to a peptide. The Zn- and Mg-porphyrins are 
not paramagnetic and thus do not offer such an easily-measurable property of peptide 
binding.
The light-active2 porphyrins used in this study are Zn-Ce6, ZnPP and the Chls a and 
b. Little work was done with the Chls due to their photo-lability, tendency to aggregate 
and the complications associated with their large phytyl tail. The porphyrins Zn-Ce6 
and ZnPP are reasonably well behaved in aqueous solution (in terms of solubility and 
aggregation) and principally donate an electron from the singlet and triplet state, re­
spectively (discussed in Chapter 5). The triplet formation of ZnPP requires most work 
to be carried out anaerobically to prevent the formation of damaging reactive oxygen 
species. ZnPP was purchased and used as supplied. Zinc-metallated chlorin e6 is not 
commercially available so the metal had to be inserted. This proved to be relatively 
straightforward and the 1:1 addition of Zn acetate to the chlorin in methanol or alka­
line solution resulted in complete metallation after several hours (data not shown, see 
Razeghifard & Wydrzynski (2003)).
Imidazole Complexes of Zn-Ce6 and ZnPP
As mentioned earlier, His ligation is important in the protein-binding of (B)Chl. Im­
idazole is a simple His analogue and was initially used to determine the effect of His 
ligation on the absorbance properties of Zn-Ce6 and ZnPP.
The Z?z's-imidazole heme complex has been prepared before (Shifman et al., 1998). 
This is used later in Section 3.11 and the preparation of this complex is described in
2In this work a light-active porphyrin is any porphyrin or chlorin, which upon illumination forms an 
excited state from which energy transfer or ET can occur.
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Chapter 2.3. A difficulty arises when working with this complex as it has a tendency 
to aggregate. This aggregation is minimised by working at pH ~8.5 (Shifman et al., 
1998) and at low concentration. An alternative is to work in non-aqueous solvents such 
as ethanol or methanol. As mentioned above, there are significant absorbance shifts that 
occur upon formation of the to-imidazole Fe(III)-heme complex as the heme becomes 
low spin. No such conversion is possible for Zn-Ce6 or ZnPP but the imidazole com­
plexes were examined to determine whether there were any characteristic absorbance 
changes associated with ligation.
Imidazole was titrated into 10 pM  solutions of Fe(III)-heme, ZnPP and Zn-Ce6 in 
methanol. The titrations of heme and ZnPP are shown in Figure 3.2. The absorbance 
spectra of Zn-Ce6 and imidazole-ligated Zn-Ce6 are shown in Figure 3.17. The imida­
zole complexes of both ZnPP and Zn-Ce6 are slightly red-shifted relative to the unli­
gated porphyrin. The relative intensity of the ZnPP a  and ß  bands (at about 590 and 
550 nm, respectively) have been shown to be diagnostic of zinc-ligation (Hoffman, 
1975; Nappa & Valentine, 1978) and this is consistent with the results obtained in this 
experiment. The data in Figure 3.2 were fit to the following model-.
where P is a porphyrin, n is the number of imidazole (Im) ligands formed (1 or 2) 
and P — Imn is the imidazole complex of the porphyrin. If the K d is relatively large 
(binding is weak) then there will be an excess of ligand relative to porphyrin such that 
[Im] »  [P] ([ImT] is the total imidazole concentration), and as [Iiiit ] =  [Im] +  [P — Imn] 
then [ImT] ~  [Im] • To further simplify matters we can assume that ligation of the por­
phyrin by one imidazole does not effect the binding of another imidazole (if n > 1), 
such that the two binding ’’sites” are equivalent. Thus, the data in Figure 3.2 can be fit 
to:
where y is any change in absorbance or peak position. This is a useful expresson, as 
one not only obtains the K& value but also the binding stoichiometry. The K a and 
stoichiometry values for the titrations in Figure 3.2 are given in Table 3.1. The data 
quite clearly show that while Fe(III)-heme forms two His ligands, ZnPP and Zn-Ce6
(3.1)
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Figure 3.2: (A) Binding isotherms of imidazole ligation to Fe(III)-heme (squares), 
ZnPP (circles) and Zn-Ce6 (triangles) in methanol. (B) and (C) Fe(III)-heme and 
ZnPP, respectively, in the absence (solid line) and presence (dotted line) of excess 
imidazole.
Table 3.1: Binding energies of porphyrin ligation by imidazole
Porphyrin K d
(mM)
^^binding
(kJ mol-1)
na
Fe(III)-heme 0.92b ±  0.06 17 ±  1 2
ZnPP 17 ±  2 10±  1 1
Zn-Ce6 30 ± 2 8.5 ±  0.6 1
“The stoichiometry of imidazole to porphyrin. 6Fe(III)-Heme data were fit to eqn 3.2 for 
2 ligands and a K d of 0.85 pM. However, the binding of Fe(III)-heme to one imidazole 
occurs with K d,i =  y /K d,2 and is thus 0.92 mM.
form only a single ligand each and these (five-coordinate) porphyrins are ligated more 
weakly than heme. ZnPP has been quite well-characterised and clearly shown to form 
a single His ligand upon protein binding (see e.g. (Sharp et al., 1998a)). The same was 
expected of Zn-Ce6 and this was shown to be the case.
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His 23 .—His 63
/ —  His 102
heme
Figure 3.3: The Proteins (not to scale). (A) Molecular model of a monomer of the 
synthetic peptide H23H42 and (B) X-ray crystal structure of a de «ovo-designed four- 
helix-bundle (lM3W.pdb) approximately looking down the long-axis of the peptide 
showing dimerisation. (C) X-ray crystal structure of cyt 6562 (256b.pdb).
The Proteins
The de «ovo-designed peptides used in this work were designed by Dutton and cowork­
ers as heme-binding maquettes (Robertson et al. (1994) reviewed in Gibney & Dutton 
(2001) and Chapter 1.2). The general structure of these peptides is shown in Figure 3.3. 
The peptide is designed to form to helix-loop-helix hairpin structure, which dimerises 
to form a four-helix bundle (Gibney et al., 1997, 1998; Sharp et al., 19986; Huang 
et al., 2003). The placement of the His is designed to allow the 6fs-ligation of 1 heme 
molecule per peptide monomer. The peptides used here have the general sequence: 
MLKKLREEALKLLEEFKKLLEEXr LKWLEGGGGGGGGELLKLX2EELLKK- 
CEELLKL AEERLKK L. The heptad repeats (Chapter 1.2) are delineated with dots. 
They differ from the design of Sharp et al. (19986) only in the N-terminal Met which 
was added as a consequence of expression system we used. Several variants have been 
made by either myself or Reza Razeghifard and the peptides are named after the posi­
tion of porphyrin ligands. When Xi and X2 are both His, the peptide is H23H42; Xi 
and X2 are both Phe in F23F42; Xi is His and X2 is Phe in H23F42; and Xi is His and
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M7H ---- - His-3hlx
wild type — ► H63N
\
Met-3hlx
I17C L30HL30Y
Figure 3.4: The cyt variants used in this work
X2 is Met in H23M42.
The E. coli cyt b562 is a small, soluble four-helix-bundle protein with a single b- 
type heme cofactor originally described by Itagaki & Hagar (1966) and described in 
Chapter 1.2. Various mutants3 of cyt b562 were made during the course of this work. 
Some are double, triple and quadruple mutants. Their relationship to each other are 
shown in Figure 3.4. The arrows denote a single amino acid mutation except in the 
case of the 3hlx mutatnts which are explained later in Section 3.4. All of the cyt b562 
proteins in this work have an N-terminus methionine (MO) as a result of the expression 
plasmid used. This additional methionine is expected to be > 15 Ä from the heme iron 
and we have seen no evidence for it playing any role in porphyrin-binding. Wildtype3 
cyt b5Q2 (wt) has a solvent-exposed His residue at position 63 which we replaced with 
an asparagine creating the H63N mutant. This is essentially the wt protein in this 
work. The rationale for the H63N mutation was to prevent the adventitious binding 
of porphyrins to this solvent-exposed residue upon reconstitution of the apo-protein. 
Additionally, His 63 has been mutated in cyt &562 by other groups (Wittung-Stafshede 
et al., 1997) without problems. The methionine and H63N mutations did not effect the 
absorption, redox, or EPR properties of the ferri-protein relative to the wt (see Table 
3.2) and had no measurable effect on the chemical stability of the protein (AGH2° 
ferri-wt = 29, ferri-H63N = 28 kJ mol-1).
Both the synthetic peptide maquettes and cyt b5G2 mutants were overexpressed in E. 
coli using the pET-30 Xa/LIC system. This yielded pure cyt up to about 50 mg pure 
protein per L of culture (a little less for the maquettes). Typically about 20-30% of the
3 While traditionally the terms wt and mutant are used to refer to an organism, I will use them to 
describe individual proteins.
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cyt contained bound heme, but this was never observed in the case of the maquettes. 
It is interesting to note that the cyt was expressed with an N-terminus consisting of a 
~4 kDa fused His-tag/linker in place of the usual periplasmic signalling sequence, yet 
heme was still incorporated into the recombinant protein to a level of over 1 //mol heme 
per L of culture which resulted in distinctive red/pink coloured E. coli after several 
hours of protein expression. The maquettes were also expressed in E. coli but did not 
bind any heme in vivo. This is not purely a result of tight heme binding in cyt 6562, as 
the K a values of heme binding to the cyts and maquettes are generally fairly similar 
(Table 3.3). When necessary the heme was removed from the purified cyts by the 
method of Teale (1959) and reconstitution of the apoproteins with Fe(III)-heme resulted 
in indistinguishable characteristics relative to those of the endogenous heme-containing 
cyts.
3.2 Bis-His vs. His/Met Ligation
The two experimental systems used in this work, the de «ovo-designed peptides and the 
’’natural” E. coli cyt 6562 both bind heme. However, the maquettes bind heme through 
bis-His ligation while cyt b562 binds heme atypically (for a b-type cyt) through His/Met 
ligation. In order to better compare these two systems a maquette with a His/Met 
motif (H23M42) and cyt b562 mutant with bis-His ligation (M7H) were constructed. 
Neither of these peptides have been previously described. The characterisation of these 
peptides follows, after which the characterisation of Zn-Ce6 binding to these peptides 
is discussed.
M7H
Molecular Modelling
Molecular modelling of the M7H mutation suggests that the substitution of the heme- 
ligation Met at position 7 with His will disrupt the heme binding pocket of the protein. 
Figure 3.5 A shows a model of the mutant and Figure 3.5 B shows the disruption the 
M7H mutation is thought to have on the heme binding site. The bulkier His is expected 
to disrupt the N-terminal a-helix around position 7. Additionally, the C-terminal helix
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Table 3.2: Absorbance and redox properties of heme-bound peptides and bis- 
imidazole-ligated heme
Protein 1 Ligation Absorbance Maxima (nm) 2Em7
oxidised reduced
W t &562 H/M 418, 529, 558° 427, 531, 562° +\S9d
H63N H/M 418,530, 560 427,531,561 + 187
M7H H/H 415,537,566 426, 531,558/5613 -73
( a - / - a ) 2 H/H 411,530, 5606 424, 529, 559b -105, -120c
H23H42 H/H 412, 530, 560 425, 529, 558 -55,-145
H23M42 H/M 413,530,560 426, 529, 559 -140
bis-Im-Heme Im/Im 409, 534, 563 421,526,556 -143
1 Heme ligation by bis-His (H/H), His/Met (H/M) or 6/s-imidazole (Im/Im); 2 The 
midpoint potentials were measure in mV vs. the SHE at pH 7, except fo rc, which was 
measured at pH 8; 3 The a  band of M7H is partially split. Additional data taken from 
(a) Itagaki & Hagar (1966), (6) Gibney et al. (1998), and (c) Sharp (1998).
is more disordered due to the movement of the heme to accommodate the additional 
His. Together this will probably result in a more solvent-exposed heme. The mod­
elling also indicates that the two His imidazole moieties will not be in-plane and this is 
supported by EPR measurements below.
Heme Absorbance
The absorbance spectra of H63N and wt cyt are indistinguishable (data not shown). The 
absorbance spectra of oxidised and reduced H63N and M7H are shown in Figure 3.6 
and the peak maxima are listed in Table 3.2. The spectra are all typical of low-spin cyts. 
The Soret band is blue-shifted by 3 and 1 nm, respectively in ferri- and ferrous-M7H 
relative to H63N. Ferrous M7H auto-oxidises very quickly. The a  band of reduced 
M7H is broadened and somewhat split relative to wt and also shows a decreased inten­
sity from 32 mM_1cm_1 to 24 mM-1cm-1. This is shown in the inset of Figure 3.6
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Figure 3.5: (A) Molecular model of the M7H mutant of cyt b5 6 2 - The model is an en­
ergy minimised structure based on PDB file 256B created in HyperChem (Hypercube 
Inc.) using the Amber94 force field with a periodic box. (B) The heme ligating side 
chains of M7H and wt cyt b5 6 2 . In grey is the coordinates from the wt protein. The 
two structures were aligned using the heme molecule. The backbone of the two amino 
acids either side of Met/His 7 and His 102 are shown to highlight the perturbations the 
M7H mutation is thought to create near His 7.
relative to that of H63N. Heme bound through His/Met ligation in the oxidised state 
has a characteristic absorbance band at about 695 nm in cyt c (Dickerson & Timkovich, 
1970) and 720 nm in wt cyt &562 (Moore et al., 1985) at neutral pH. This absorbance 
is thought to arise from charge transfer (CT) from the Met sulfur to the heme Fe(III) 
(Eaton & Hochstrasser, 1967). We observed this CT band in the wt (and H63N) cyt at 
about 720 nm at pH 7 but, as expected, it is not visible in M7H (data not shown)
The absorbance spectra of oxidised and reduced M7H are not remarkable except 
for the unusually broad and partially split a band of ferrous M7H (Figure 3.6, Table 
1). Splitting of the a  band is uncommon but is seen in the split a  cyts (Meyer & 
Kamen, 1982). Such splitting was recently reported for a heme-ligating Met to His 
mutant of Pseudomonas cyt c551 (Miller et al., 2000) and may be a characteristic of the 
perturbed ligand environment of Met to His cyt b mutants. Interestingly no splitting 
of this a  band has been reported for the synthetic heme binding peptides of Dutton 
and others, yet these peptides are expected to have an unusual heme-binding environ-
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100 -
XI  nm
Figure 3.6: Absorbance spectra of oxidised and reduced H63N (dotted lines) and 
M7H (solid lines) mutants of cyt 6 5 6 2 . The peak positions are given in Table 3.2. The 
inset shows the a  and ß  bands of the ferrous cyts and highlights the splitting of the 
M7H a  band.
ment (reviewed in Gibney & Dutton (2001)). No changes in the absorbance spectra of 
freshly-reconstituted holo-M7H are observed on the minutes-to-days time-frame sug­
gesting this splitting is not due to heme orientation disorder. Rather, this splitting is 
probably due to asymmetry of the bound heme (see for example (Reddy et al., 1996)) 
perhaps due to iron movement out of the porphyrin plane or slight deformation of the 
porphyrin due to steric strain. The absorbance bands of both ferri- and ferrous-M7H 
are blue-shifted relative to those of H63N. This is consistant with previous experi­
ments, which have shown that axial ligation can shift the absorbance maxima of bound 
heme. The N-acetylmethionine complex of ferric microperoxidase-8, which contains 
His/Met-ligated Fe(III)-heme, has a Soret absorbance maxima 1.5 and 3.0 nm to the 
red of the respective N-acetylHis and imidazole complexes (Othman et al., 1994; Oth- 
man & Desbois, 1998). An alternate explanation for these shifts is the observation that 
increasing the solvent polarity causes blue-shifting of the absorbance maxima of model 
heme complexes (Romberg & Kassner, 1982). Thus the shifts observed between M7H
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Table 3.3: Heme binding constants
Protein Kda
(Fe(III)-heme)
(nM)
(Fe(II)-heme)
A A G b 
(kJ mol-1)
H63N 13 ± 3 2.8 ± 0 .6 3.8
M7H < 1 20 ± 3 > 7
maquette0 <1,400 42, 15,000 >9, 8.8
a Determined by optical titrations fit to eqn 1 as described in the text, or cData for 
a de «ovo-designed maquette taken from Reedy et al. (2003); 6 Difference in the 
energetics of Fe(III)-heme binding relative to Fe(II)-heme binding to each protein 
(AG -  -R T ln (K dl / K d2)).
and H63N are probably due both to the different axial ligation and additional solvent- 
exposure of heme in M7H.
Heme Binding
The careful of titration of heme into the apo-cyts was used to calculate K d values, 
which are given in Table 3.3 Representative titrations are shown in Figure 3.7. Fe(III)- 
heme-binding to wt cyt Z>562 was measured by calorimetry to have a K dof 9 nM (Robin­
son et al., 1997) and agreement with the value obtained for H63N further suggests that 
the N-terminus Met and H63N mutations have little effect on cyt Z?562. Interestingly, 
both the wt and M7H apo-proteins bind a free-base protoporphyrin IX with /iM affinity 
shifting the Soret absorbance from 393 to 408 nm despite the lack of any metal ligation 
(data not shown).
Circular Dichroism.
The far-UV circular dichroism (CD) spectra of the apo- and Fe(III)-heme-reconstituted 
M7H are shown in Figure 3.8. Upon fitting of the CD spectra, the helical content of the 
apo form of M7H was estimated to be 54%. This is similar to the value of 57% reported 
for wt apocyt (Feng & Sligar, 1991). Upon reconstitution of M7H with Fe(III)-heme 
there was a small increase in helicity to ~60%  and this was sensitive to buffer condi-
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[Fe -heme] / nM [Fe -heme] / nM
Figure 3.7: K  ̂ determination in M7H. Fe(III)-heme (Left) and Fe(II)-heme (Right) 
titrations in apo-M7H. Top, the extent of binding as determined from bound Soret 
absorbance obtained from titrations shown below.
Pi
tions, requiring 100 mM KC1 for maximal increase. This contrasts with the increase in 
the helicity of wt cyt to 82% upon Fe(III)-heme binding (Feng & Sligar, 1991). The 
#222/^208 ratios of the apo- and ferri-M7H mutant are 1.02 and 1.03 respectively, indi­
cating these proteins have a coiled coil conformation (Zhou et al., 1992), but this is less 
so than for the apo-H63N protein which has a ^222/^208 ratio of 1.14. The Soret-region 
CD of ferri- and ferrous-M7H confirmed that despite only a small increase in helicity, 
the heme was bound to M7H in these experiments. These spectra are also shown in 
Figure 3.8 and are similar to those reported for wt cyt 6562 (Bullock & Myer, 1978).
The far-UV CD spectra of apo- and holo-M7H (Fig. 3.8) suggests that upon Fe(III)- 
heme binding less structural rearrangement occurs than in the wt. The solution struc­
ture of apo-cyt £>562 shows the C-terminal helix is largely unstructured (Amesano et al., 
1999) and presumably in the wt, helix formation only occurs upon heme binding. Gel
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Figure 3.8: Circular dichroism spectra. Left, apo- (filled square) and Fe(III)-heme- 
reconstituted (open circles) M7H. Right, The Soret-region of oxidised (solid line) and 
reduced holo-M7H. The protein concentration was 5 fiM (far UV) or 20 ^M in 10 mM 
KPi , 100 mM KC1, pH 7.0 at room temperature.
filtration chromatography shows that both apo- and holo-M7H has a larger hydrody­
namic radius than H63N suggesting a more disordered fold. However, as for the wt 
protein, there is a decrease in the apparent size of M7H upon Fe(III)-heme binding 
which suggests that there is some conformational change. This may simply be due 
to the formation of the heme-Hisl02 ligation which will anchor the C-terminal helix 
region of the protein. With the CD data, this suggests that there is little C-terminal 
helix formation in M7H upon heme binding which will result in a potentially more 
solvent-exposed porphyrin and a less stable protein.
Denaturation
The stability of the ferri-M7H and ferri-H63N proteins was investigated using guani­
dine denaturation at pH 7.0. The guanidine-induced unfolding of the ferricyts was mon­
itored by loss of bound heme (data not shown). It has been shown that heme loss occurs 
concurrently with loss of secondary structure in wt cyt Z?562 (Feng & Sligar, 1991) and 
this was assumed to be the case for H63N and M7H. The energetics of the unfold­
ing process were fit to a two-state linear denaturant binding model Pace (1986) with a 
AGH2° of 7.0 for ferri-wt cyt £562 (with N-terminus Met), 29 kJ mol-1 for ferri-H63N
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Table 3.4: Thermal denaturation parameters
Protein T m
(°C)
A H '
(kJ mol-1)
AG 2
(kJ mol-1)
apo-M7H 54.3 ±  0.3 186 ±21 15
ferrous-M7H 58.5 ± 0 .3 236 ±  17 18
ferri-M7H 61.4 ± 0 .3 55.2 ±  13 18
apo-wt3 54.04 ±  0.02 198 ± 212 16
holo-wt3 66.99 ±0.15 436 ±  10 47
1 The enthalpy of unfolding, A H , from this work was determined by the method 
described in (John & Weeks, 2000). 2 The free energy of unfolding, AG, was esti­
mated using the Gibbs-Helmholtz equation (eqn 2.3) with A Cp= 2.3 kJ mol-1 K_1 for 
apo-proteins and A Cp= 3.8 kJ mol-1 K-1 for holo-proteins (Robinson et al., 1998). 
3 Additional data taken from Robinson et al. (1998) was measured by differential scan­
ning calorimetry and are similar to those reported by (Feng & Sligar, 1991) as measured 
by loss of absorbance or CD.
and 75 kJ mol-1 for ferri-M7H. A AGH2° of 28 kJ mol-1 has previously been reported 
for the wt ferricyt denatured in urea by Feng & Sligar (1991) who also determined a 
AGH2° of 13 kJ mol-1 for the apo-cyt. The stabilisation of heme-binding to M7H was 
further investigated by thermal denaturation which is shown in Figure 3.9 for the apo-, 
ferrous- and ferri-M7H proteins. This is compared to data from similar experiments for 
the wt protein (Feng & Sligar, 1991; Robinson et a l, 1998) in Table 3.
Thermal denaturation of apo-M7H and apo-wt cyt b562 occur with a similar AG  
(Table 3.4) suggesting that the N-terminal methionine, H63N and M7H mutations do 
not significantly destabilise the apo-protein. There have been some differences in the 
reported chemical and thermal stabilities of holo-wt cyt Z?562 Feng & Sligar (1991); 
Robinson et al. (1998); Wittung-Stafshede et al. (1997). The calculation of AG  from 
thermal denaturation data requires an accurate A Cpvalue and this may account for 
some of this disparity between values determined by thermal and chemical denatura­
tion. The guanidine denaturation of ferri-wt and ferri-H63N yielded very similar AG
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Figure 3.9: Denaturation of M7H. Left, Guanidine denaturation of ferri-H63N 
(squares) and ferri-M7H (circles) as measured by loss of bound heme Soret ab­
sorbance. Right, Thermal denaturation of apo-M7H (triangles), measured by second 
derivative UV absorbance, and ferrous- (open circles) and ferri-M7H measured by the 
loss of the bound heme Soret absorbance. All samples were in 50 mM KP*, 100 mM 
KC1, pH 7. The thermodynamic parameters obtained are given in Table 3.4.
values (29 and 28 kJ mol-1) further confirming the minimal impact the H63N muta­
tion has had on the stability of the cyt. The stability of holo-M7H measured by both 
thermal and guanidine denaturation are in remarkably good agreement and show only 
a small ~4 kJ mol-1 stabilisation of the protein upon heme binding. The difference in 
chemical stability between holo- M7H and H63N was measured to be ~10 kJ mol-1 
(AG(H63N) = 28 kJ mol-1, AG(M7H) = 18 kJ mol-1). It is reasonable to assume that 
this difference does not reflect the difference in bond strength between Met 7 S-Fe and 
His 7 N-Fe but rather that the M7H has disrupted hydrophobic contacts between the 
protein and the heme. The extent of the hydrophobic effect has been estimated to be 
~9.9 kJ/nm2 of water-excluded surface (Chothia, 1974). The surface area of one side 
of a porphyrin is ~1.0 nm2 so the difference in stability of H63N and M7H could be 
explained by the heme in M7H having additionally one half of one side of the porphyrin
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solvent exposed relative to H63N (if the side chains also become solvent exposed) and 
this could be achieved by the disruption of heme-contacts of only two or three side 
chains in the binding pocket. This is consistent with the model of M7H (Figure 3.5) 
and it seems that difference in stability between holo- H63N and holo-M7H is likely 
due to disruption of the residues either side of postion 7 and/or disruption of heme con­
tacts in the C-terminal helix. Interestingly, M7A mutants of the wt protein have been 
created and these bind high-spin (5-coordinate) heme through His 102 with the AGIl2° 
of the holo- and apo-protein very similar (AAG ~  2 kJ mol-1) (Kamiya et a l, 2001; 
Uno et al., 2001). This suggests that once the methionine ligand in the wt protein is 
displaced then the His-bound heme offers little additional stability to the protein. It 
also appears that bis-His ligation of heme in M7H offers little additional stability to the 
protein relative to ligation by a single His.
The difference in stability of the oxidised and reduced holo-cyt is directly related to 
the difference in redox potential (AEf) between the folded (Table 1) (Ef) and unfolded 
(Eu) protein (reviewed in (Mines et al., 1996)). As an exposed heme in solution, i.e. Ef, 
has a midpoint of about -100 mV (Mines et al., 1996; Bixler et a l, 1992), in the wt cyt 
b562 AEf is ~300 mV and thus, A AG ~  29 kJ mol-1. This difference in stability has 
been observed (Wittung-Stafshede et al., 1997). The difference in the stability between 
ferri- and ferrous-M7H should be much smaller as Ep ~  Eu and this was confirmed 
by thermal denaturation where no significant difference in AG between oxidised and 
reduced holo-M7H was observed.
Ferric and ferrous-heme binding to apo-M7H was measured to occur with K d values 
of < 1 nM and 20 nM, respectively. Conversely, binding to apo-H63N occurred with 
Ad values of 13 nM and 3 nM for ferric and ferrous-heme, respectively. This rever­
sal in affinity for ferric over ferrous heme binding to M7H is expected as in solu­
tion Fe(III)-porphyrins generally bind imidazoles and basic pyridines more tightly than 
Fe(II)-porphyrins ((Nesset et al., 1996) and references within). These values are only 
estimates as it is possible that they were not measured at equilibrium due to ferric or 
ferrous-heme being kinetically trapped in either H63N or M7H in an analogous manner 
to that reported for cyt b5 (Altuve et al., 2001). Nevertheless, the M7H has altered the 
energetics of heme binding in a predictable fashion and to our knowledge this is the
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first example of a comparison between the heme binding energetics in equivalent cyts 
with bis-His and His/Met ligation.
Both apo-H63N and apo-M7H can bind free-base protoporphyrin IX which implies 
that the heme binding pocket, i.e. those amino acids in the vicinity of the bound heme, 
is not seriously compromised by the M7H mutation and plays a role in heme bind­
ing. This suggests that the destabilisation of holo-M7H is due to subtle conformational 
changes that leave the binding pocket relatively intact. The experiments of Huffman et 
al (Huffman & Suslick, 2000) showed that the presence of non-coordinating hydropho­
bic residues flanking the heme-binding His can increase heme binding to a synthetic 
peptide by >20 kJ mol-1. As the differences between the energetics of binding of 
heme or Fe(III)-heme to H63N or M7H are probably smaller than this (< 8 kJ mol-1, 
Table 2), this also suggests that the heme binding pocket is not significantly altered in 
M7H. The Soret-region CD spectra (Figure 3.8) of ferri- and ferrous-M7H are qualita­
tively similar to those reported for wt cyt b562 (Bullock & Myer, 1978) and it is unlikely 
that this would be the case if the binding pocket in M7H was significantly altered.
EPR Measurements
The low-temperature X-band EPR spectra of ferri-H63N and ferri-M7H are shown in 
Figure 3.10. The features at g ~3 and g ~2.2 arise from low-spin heme. The sharp 
feature at g=5.9 is high-spin heme and accounts for less than 10% of the spins in the 
system. This resonance is possibly an artifact brought about by the denaturation of the 
proteins upon freezing whereby at least one of the heme ligands is displaced. The M7H 
spectrum shows a shoulder at g ~6.3 which becomes much more pronounced at pH 9 
(data not shown). The low-spin resonances of wt cyt Z?562 H63N and M7H are listed in 
Table 3.5. The gZtVt of wt and H63N are indistinguishable and are almost identical to 
those of M7H. The resonances are also similar to those of 6/s-imidazole-ligated Fe(III)- 
heme in solution (6/s-Im-heme), which are also shown in Table 3.5. A precise gx value 
for either cyt was difficult to determine due to the weak and broad nature of this feature 
so gx values of 1.40 and 1.41 were calculated for H63N and M7H, respectively by the 
method of Walker et al. (1986) as described in the Chapter 2.
The H63N and M7H EPR data (Figure 3.10) are very similar and consitant with
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2000
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Figure 3.10: X-band EPR spectra at 10 K of ferri-M7H (top) and ferri-H63N. The 
portion of the spectra to the right of the arrow are magnified 5x. The proteins were 
at 100 p M  concentration in 50 mM KP* , 100 mM KC1, 20% glycerol, pH 7. Spectra 
were recorded at a microwave power of 2 mW and a modulation amplitude of 10 G. 
The ^-values mentioned in the text are marked.
the Fe(III)-heme in a predominantly low-spin (LS) six-coordinate configuration. Both 
spectra show some high-spin (HS) signal at g ~5.9 which is probably due to freezing- 
induced dissociation of the heme from the cyt. However, the M7H spectrum has some 
broadening and splitting of the heme g ~5.9 resonance which becomes much more 
pronounced at pH 9 (not shown). This splitting has been attributed to the paramagnetic 
electron no longer having equal interaction with the four nitrogen atoms of the por­
phyrin (i.e. the porphyrin ring is no longer planar) and is observed in some high-spin 
globins and cyts (Peisach et al., 1973). This would suggest that the HS heme is still 
bound to M7H and is non-planar. There is no evidence of HS M7H-bound Fe(III)-heme 
at room temperature, as there are no typical HS absorbance peaks, but it is interesting 
to speculate that the M7H mutation may place the bound heme under some steric strain 
and this could account for the split a absorbance band of ferrous-M7H. Using the mea­
sured LS gz, gy and calculated gx tensors of H63N and M7H (Table 1), the rhombic
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Table 3.5: EPR g tensors of hemin-reconstituted H23M42 and related peptides
Protein 9 z 9y 9x V/A A/A V/A
Wt &562 pH 6.9° 3.04 2.18 1.40* 1.60 3.39 0.47
wt 6 562 pH 10.5a 2.79 2.26 1.67 2.32 3.78 0.61
cyt c pH 1 Ab 3.05 2.25 1.53 1.77 3.64 0.49
H63N 3.04 2.18 1.40* 1.60 3.37 0.47
M7H 3.02 2.20 1.41* 1.64 3.27 0.50
H23M42 2.86 2.26 1.6 2.11 3.59 0.59
H23H42 2.84 2.24 1.62* 2.16 3.82 0.56
b/s-Im-Heme 3.02 2.24 1.51 1.77 3.54 0.50
The crystal field parameters V/A, A/A and V/A were calculated by the method of 
Taylor (1977) (Chapter 2). *These gx values could not be assigned from the spectra and 
were calculated by the method of Walker et al. (1986) (Chapter 2). Additional data 
taken from (a) Moore et al. (1985), (b) from Gadsby et al. (1987) and (c) from Peisach 
et al. (1973).
and tetragonal splittings were calculated with V/X = 1.60 and 1.64 and A/A = 3.37 
and 3.27, respectively. When these are plotted by the method of Peisach et al. (1973) 
as rhombicity (V/ A) vs. tetragonal field (A/A) they both fall within the H group of 
heme EPR spectra, which is assigned to ligation of the heme iron by two His imino- 
nitrogens. This is obviously not the case for H63N. Interestingly the M7H V/X  value 
of 1.64 is considerably less than V  = 2A (which occurs when the two His imidazole 
groups are parallel to each other) suggesting that the orientation of the two ligating His 
imidazole planes are somewhat twisted relative to each other and is in agreement with 
the molecular model of Figure 3.5.
Redox Potentiometry
The redox properties of the Fe(III)-heme-reconstituted H63N and M7H mutants and 
also bis-Im-heme were examined by redox potentiometry and the redox titration curves 
are shown in Figure 3.11 A. The H63N mutation has no effect on the midpoint potential
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but the conversion of the heme ligating methione to a His reduced the midpoint potential 
of the M7H cyt by 260 mV from +187 mV to -73 mV at pH 7.0. Despite this the Em7 
of M7H is 70 mV more positive than that of bis-Im heme (-143 mV). Assuming that 
bA-Im-heme obeys a redox Bohr effect of -60 mV/pH unit (1 electron/1 proton) then 
the Em7 we have measured is in good agreement with the Em8 5 of -235 mV measured 
for 6z5-Im-heme previously Shifman et al. (2000).
The pH dependence of the M7H midpoint potential was examined and the data are 
shown in Figure 3.11 B. Similar data for the wt protein taken from reference Moore 
et al. (1985) are also shown for comparison. The M7H data are fit to the following 
equation:
E = E ' - +59l0SM r f e  (33)
where pK red and pK ox describe a protonation event when the heme is reduced and 
oxidised, respectively and Eiow is the Em at pH pK ox (Clarke, 1960). The data were
fit to pK red = 6.8 and pK ox 5 (where the protein heme complex is not sufficiently 
stable to measure the Em).
It has been experimentally shown that heme bound through His/Met ligation has 
a midpoint potential ~150 mV more positive than its bis-His equivalent (Harbury & 
Loach, 1960). This difference is due to the greater electron withdrawing ability of 
the Met sulfur, which destabilises the positively charged oxidised heme. This effect is 
exemplified in the c-type cyts where the redox potentials of His/Met and bis-His ligated 
heme range between 0 to +400 and -400 to -100 mV, respectively (reviewed in Moore 
& Pettigrew (1990)). In addition this effect is additive as H102M mutants of cyt 6562, 
which bind heme through fo's-Met ligation, have midpoint potentials about 180-200 mV 
higher than the wt cyt (Barker et al., 1996). The AEm7 of M7H vs. H63N (Figure 3.11 
A, Table 1) is 260 mV, ~  100 mV greater than the 150 mV predicted Harbury & Loach 
(1960). rCDH, the only other known 6-type cyt with His/Met ligation, has an Em4.5 of 
+164 mV, while the bis-His mutant of this protein has an Em4.5 of -53 mV (Rotsaert 
et al., 2003). This AEm of 217 mV is more similar to that observed for wt and M7H 
cyt 6562 than that suggested by model compounds (Harbury & Loach, 1960). The bis- 
His mutant of rCDH has unusual ligation through His imidazole N'51 and Ne2 nitrogens. 
This form of ligation is very rare but is observed in one of the four hemes of cyt c554
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Figure 3.11: (A) Redox titration curves for 6A-imidazole heme, and the Fe(III)-heme- 
reconstituted cyt 6562 mutants M7H and H63N at pH 7.0. The fraction of reduced 
heme was determined by the change in absorbance of the a band at ~560 nm. The 
data are fit to a single Nemst curve with n = 1.0 and the midpoint potentials are given 
in Table 3.2. (B) The pH dependence of the midpoint potential of M7H (open circles) 
fit to equation 3.3 with pK red = 6.8 ±  0.1 and pK ox fixed at 0. The filled squares are 
data for the wt taken from reference Moore et al. (1985) and are fit to a line with a 
slope of -30 mV/pH unit.
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from Nitrosomonas europaea. This heme has been assigned an unusually high (for bis- 
hisitidine ligation) midpoint potential of +47 mV (Upadhyay et al., 2003) and it seems 
that NVNMigated heme can have a higher midpoint potential than an equivalent N£/Ne- 
ligated heme (see (Upadhyay et al., 2003) for a discussion of this). While this type of 
ligation can not be ruled out in M7H there are other explanations as to why there is such 
a large difference in midpoint potentials between H63N and M7H. One explanation for 
this is consistent with the observation that the M7H mutation leaves the bound heme 
more solvent exposed than in the wt. It has been experimentally shown using synthetic 
heme-binding peptides that the protein hydrophobicity can exert ±  ~50 mV effect 
on the heme redox potential (Gibney et al., 2001) but this presumably accounts for 
at least some of the 70 mV difference between the Em7 of bis-imidazole and M7H- 
ligated heme. The difference in 7Tdvalues for ferric and ferrous heme-binding to H63N 
and M7H (Table 2) will play a role in the difference in midpoint potentials ( AEm) 
between these two cyts. The stability of ferric over ferrous heme binding in M7H 
stabilises the oxidised state by at least ~7 kJ mol-1 or 75 mV (see (Kennedy et al., 
2001) for a complete description of this effect). Similarly, the difference in binding 
energetics in H63N also contributes to this and AE becomes ~ 1 10 mV between M7H 
and H63N due to this preferential binding. The magnitude of this effect can account 
for the unexplained difference between the AEm of H63N and M7H but it should be 
stated that some of the 150 mV difference between the AEm of His/Met and bis-His 
ligated heme observed by Harbury & Loach (1960) can probably also be explained 
by this argument. A range of midpoint potentials spanning >160 mV was observed 
in a library of in vitro-evolved cyt &562 variants (Springs et al., 2000, 2002). In two 
generations of mutants, which all maintained His/Met heme ligation, only one mutant 
displayed a midpoint potential more positive than the wt protein. This led the authors 
to suggest that cyt /?562 has evolved to have a midpoint potential at the positive extreme 
allowed by the protein’s architecture and almost any alteration to the protein will lower 
this potential. Thus, the M7H mutation, which has a potential in the upper range of bis- 
His ligated cyts, is expected to disrupt some of the mechanisms cyt &562 has perfected 
to produce the most positive midpoint potential the protein architecture will allow. This 
will result in lowering of the midpoint of M7H through protein-porphyrin interactions
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in addition to those manifested through the axial ligands.
The pH dependence of the midpoint potential of M7H is dominated by a single ion­
isation in the reduced state (Figure 3.11 B). A pK  of 6.8 has previously been assigned 
to a heme propionate in wt cyt b562 by using NMR chemical shifts (Moore et al., 1985) 
and this propionate is most likely the ionisable group responsible for the pK red. The 
pH dependence of the wt Em is unusual with an approximately linear dependence with 
a slope of ~30 mV per pH unit. The pH dependence from pH 5.0 to pH 8.5 has been 
described as arising from at least 5 single proton ionisations including both heme pro­
pionates (Moore et al., 1985). Direct electrochemistry of cyt 6562 gave similar results 
Barker et al. (1996) and the authors fit their data to two pK re(t and two pK ox. The data 
set for M7H does not contain enough data points to reliably exclude other pK red and 
pK ox events but the dominance of the single propionate on the measured Em is evident. 
One of the ionisable groups in the wt cyt 6562 is probably neutral His 102 which appears 
to get deprotonated at an unusually low pH (pKa ~9) due to the stabilisation of the his- 
tidinate anion by argines 98 and 106 (Moore et al., 1985). This appears to be disrupted 
in M7H where presumbably this stabilisation is lost and the pKa of His 102 becomes > 
9. This is consistent with structural pertubation of the C-terminal helix as previously 
suggested but could also be achieved through a relatively small twist of the plane of the 
imidazole of His 102 which is consistent with EPR. Interestingly the 6/s-Met mutants 
of cyt Z?562 have a qualitatively similar Em pH dependence as the wt protein described 
by two each pK red and pK ox events (Barker et al., 1996). These mutants were gener­
ated by replacing the His at position 102 and indicate that other ionisable groups play a 
significant role in the unusual pH behaviour of the redox properties of the wt cyt 6562.
Many of these arguments could be resolved by knowledge of the structure of the 
M7H cyt so we are currently attempting to crystalise this protein for X-ray diffraction. 
We have generated small crystals thus far which, although are too small for measure­
ments, give us hope that the protein is reasonably well structured and has a dominant 
conformer. The M7H mutant cyt is a small, soluble, single-heme-binding protein. With 
bis-His ligation the protein becomes a good minimalistic example of a typical 6-type 
cyt.
65
Chapter 3. Porphyrin Binding
H23M42
Although His/Met-ligated heme has been reported in a member of a library of randomly- 
designed four-helix bundle peptides (Rojas et al., 1997) we are not aware of any reports 
of a rationally-designed peptide with a His/Met heme-ligation site. The H23H42 pep­
tide was mutated at postion 42 (His to Met) creating H23M42. Heme binding to the 
H23M42 peptide is discussed below.
Heme Absorbance
The absorption spectra of oxidised and reduced [H23M42-heme]2 are both typical of 
low-spin heme (data not shown, peak positions given in Table 3.2). The titration of 
Fe(III)-heme into H23M42 yields a binding stoichiometry very similar to that obtained 
when Zn-protoporphyrin IX (ZnPP) is titrated. Dutton and coworkers have shown that 
for the similar peptide a-l-a, a maximum of one ZnPP can bind per bis-His heme­
binding site (although ZnPP forms only 1 axial ligand) (Sharp et al., 1998a) due pre­
sumably to the prohibitive stenc hindrance of two ZnPP binding in such close proxim­
ity. This lends evidence to the binding of heme to H23M42 through His/Met ligation 
rather than between peptide monomers in a bis-His fashion (which in a-l-a has a K d 
value of 23 /iM (Sharp et al., 1998a)).
Strong evidence for His/Met ligation is the ”695 nm” Met (S)—►Fe(III) CT band 
mentioned earlier for cyt b5G2 (Section 3.2). A CT band was observed in Fe(III)-heme- 
bound H23M42 at 700 nm (Figure 3.12). The absorption coefficient of this band is 
about 300 M_1cm_1, similar to that of cyt b5Q2 (Moore et al., 1985). The band is lost 
at high pH and when the heme is reduced. This is fairly good evidence for His/Met 
ligation of heme in H23M42 and the absorbance spectrum of this CT band is shown in 
Figure 3.12. The difference spectra between the complex at pH 7 and pH 11 is shown 
to better visualise the peak’s weak absorbance. In cytc, the Met ligand to heme is 
displaced at alkaline pH and is thought to be replaced by one of several surface-exposed 
lysines. This alkaline transition has been investigated in many mutants of the protein 
and the midpoints for this transition all fall between about pH 8.5 and 9.5 (Caffrey & 
Cusanovich, 1994). A similar alkaline transition also occurs in cyt 6562 where the Met
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Figure 3.12: Difference absorbance spectra (pH 7.0 minus pH 11.0) of [H23M42]2- 
Fe(III)-heme showing the putative Met S—> Fe(III) CT band. The inset shows the 
relative loss of Soret absorbance (solid squares) and CT band absorbance (open circles) 
as a function of increasing pH.
ligand is not displaced but rather the His ligand loses a proton (mentioned earlier) and 
the Met S —> Fe(III) CT band shifts from 720 nm to 680 nm (Moore et al., 1985). The 
alkaline transition of [H23M42-heme]2 is shown in the inset to Figure 3.12 where the 
loss of the CT band absorbance at 700 nm is plotted. This loss of CT absorbance occurs 
with a pK of 9.5 ±  0.5, which is consistent with cytc values. There is a concomitant 
blue-shift of the Soret position and decrease in absorbance (also plotted in the inset 
to Figure 3.12) with a pK of 9.7 ±0 .1 .  The Soret blue-shift is consistent with the 
displacement of the Met ligand and while the His ligand may also be displaced the 
process is completely reversible and does not appear to involve protein denaturation. In 
addition there is no change in the Soret position of reduced [H23M42-heme]2 over the 
pH range 5-13. The secondary structure of a peptide of similar design was shown to be 
stable over this pH range where there was no significant change in peptide <a-helicity 
between pH 1-12 (Shifman et al., 1998).
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Figure 3.13: Redox titrations of [H23H42-heme]2 and [H23M42-heme]2-
EPR
The low temperature EPR spectra of Fe(IIl)-bound H34M42 and H23H42 was mea­
sured (data not shown) and the g tensors are given in Table 3.5. Both spectra are 
indicative of low-spin iron ligated by strong axial ligands and are similar to those of 
other His/Met-ligated heme proteins (Moore & Pettigrew, 1990; Moore et dl., 1985) 
and bis-His ligated heme. It has been noted that EPR is unable to identify the mode of 
ligation in cyts (Moore et al., 1985) and this is the case here. The only real trend is that 
the de novo peptides have more similar EPR spectra to each other than to the cyt 6562 
mutants.
CD and Chromatography
H23H42 is expected to dimerise in the syn topology (Sharp et al., 1998b) with the pep­
tide monomers orientated such that the two glycine loops are adjacent. This will place 
the two bound heme molecules in quite close proximity. The H23H42 and H23M42 
peptides were shown by far-UV CD to fold correctly, forming a similar degree of a- 
helical secondary structure (data not shown, see Razeghifard & Wydrzynski (2003) 
for a spectrum of H23H42). Both peptides were shown to dimerise correctly by size-
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exclusion chromatography (data not shown) both eluting with an apparent mass of 
17 kDa, consistent with a well-ordered dimer. The heme-bound complexes eluted as 
dimers with a similar elution time.
Heme Redox
Redox potentiometry of [H23M42-heme]2 and [H23H42-heme]2was performed and 
the data are shown in Figure 3.13. The potentiometric curve for H23H42 is similar to 
reports for similar maquettes (Sharp et a/., 19986) if the data are corrected for a re­
dox Bohr effect of -60 mV per pH unit. The Em values are given in Table 3.2. In the 
H23H42-heme complex there are two separate Em7 values split by 90 mV, which is 
consistent with heme-heme electrochemical anti-cooperativity, which is seem in other 
multi-heme maquettes in the syn topology (Robertson et al., 1994; Sharp et al., 1998b). 
This anti-coperativity is thought to be caused by the electrostatic repulsion of the pos­
itively charged oxidised heme molecules (Robertson et al., 1994; Leitch et al., 1985), 
which destabilises the oxidised heme and subsequently elevate the heme midpoint po­
tential. Once one heme becomes reduced the second heme reduction occurs at a similar 
Em as a non-cooperating heme due to the elimination of this electrostatic repulsion. 
There is no splitting in the potentiometric curve of [H23M42-heme]2 (Figure 3.13. 
This could be explained by several ways. There may only be one heme bound per 
4-helix bundle. This is inconsistent with the ZnPP titration mentioned earlier but not 
ruled out. Another explanation is that the peptide is not dimerised (inconsistent with 
chromatography discussed above), or is dimerised in an anti conformation (c.f. syn) 
thus alleviating the electrostatic influence of the nearby heme. The Em for the His/Met 
complex is unusually low for a His/Met-ligated heme (discussed above in Section 3.2 
and much more consistent with a bis-His ligated heme. It is possible for the H23M42 
peptide to ligate a single heme (per 4-helix bundle) by intra-monomer 6/s-His ligation. 
This has been demonstrated in a similar peptide with a His/Ala ligation motif with a 
K d of 23 //M (Sharp et al., 1998a). This mode of ligation is not consistent with the 
measured Fe(III)-heme K& values (Table 3.3), nor with the observed CT band at 700 
nm.
Detailed structural data, or perhaps NIR-CD and resonance Raman, are required to
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X / nm
Figure 3.14: Fluorescence excitation and emission spectra (solid line) and polarisation 
excitation spectrum (dotted line, A em ission  = 340 nm) of the de fjovo-designed peptide 
H23H42.
unequivocally determine the mode of heme ligation in H23M42. This remains to be 
done, and for the moment this question will remain un-resolved.
Tryptophan Fluorescence
The de «ovo-designed peptides all contain a single Trp at position 26 on the N-terminal 
helix. The fluorescence excitation, emission and polarisation excitation spectra of the 
Trp in H23H42 are shown in Figure 3.14. The emission spectrum, with a maximum 
at ~340 nm, is classed as a type II Trp fluorescence spectrum, which are characteristic 
of a solvent-exposed but relatively imobile Trp (Ladokhin, 2000). In the presence of 
high-concentration of guanidine the emission maxima shift only slightly to ~350 nm 
with little change in intensity (data not shown) suggesting the Trp is solvent-exposed 
in the native peptide but becomes more mobile upon denaturation of the peptide.
In these peptides the Trp is one helical turn from His 23, a heme ligand. Upon 
the addition of porphyrins such as Fe(III)-heme the Trp fluorescence is dramatically 
quenched. There is a considerable spectral overlap between the Trp emission and
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Figure 3.15: Binding of Zn-Ceß to de novo peptides measured by Trp quenching.
Left, Trpytophan fluorescence in H23H42 in the presence of 0, 0.5, 1, 0.5, 2.0, 4.0 and 
8.0 Zn-Ce6 per monomeric peptide. Right, Titration of Zn-Ce^ into H23H42, pH 7.0 
(squares); H23H42, pH 5.5, (circles); and F23F42 (triangles).
Fe(III)-heme absorbance and this quenching is thought to occur through a Förster mech­
anism (see Chapter 1.4). This quenching was used to characterise the initial binding 
of Fe(III)-heme to H23H42 (data not shown, see Figure 3.15 for a similar experiment). 
The K d (54 ±  7 nM) is in reasonable agreement with the value of 35 nM determined by 
Sharp (1998) (obtained using absorbance analogous to Figure 3.7). Thus, this method 
offers an alternative and reasonably accurate method of measuring porphyrin binding 
to these de novo peptides.
3.3 Chlorin-Binding 
The de /lovö-Designed Peptides
Trp quenching was used to characterise the binding of porphyrin and chlorin molecules 
to several de novo peptides. The titration of Zn-Ce6 into H23H42 at pH 7.0 and 5.5, 
and into F23F42 is shown in Figure 3.15. There is only significant quenching with the
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H23H42 peptide at pH 7.0. At pH 5.5 the His ligands are protonated (pKa His ~6.0) and 
thus unable to ligate Zn-Ce6. Likewise, in F23F42 the His ligands have been replaced 
with non-ligating phenylalanines. Thus, Zn-Ce6 binding to these peptides requires a 
His residue under conditions where the His is not protonated. The data in Figure 3.15 
can be fit to eqn 3.4 which is a modified form of eqn 2.1:
F = Fmax -  Q[([E0] +  [L]+/<-d)—v/([E0] +  [L]+/-Q)2 -  4([E0][L])]/2, (3.4)
where Fmax is the Trp fluorescence in the absence of quencher (L), and Q is a constant 
which describes the efficiency of quenching by a particular ligand. E0 and K d are 
standard. The K a values obtained by this method are given in Table 3.6. Trp quenching 
was prefereable to absorbance titrations for monitoring the binding of Zn-Ce6 and the 
chorophylls to these de novo peptides as the absorbance changes of the chlorins upon 
ligation by the protein are quite subtle (Section 3.1 and Razeghifard & Wydrzynski 
(2003)). Additionally the fluorescence technique offers potentially greater sensitivity 
which allowed the use of lower concentrations of both peptide and chlorin. This is 
advantageous as the porphyrins, chlorins and particular the chorophylls have a tendency 
to aggregate in aqueous solutions and this aggregation is concentration-dependent (see 
for example (Margalit etal., 1983; Scheer, 1991)).
The binding stoichiometries obtained from the quenching data are consistent with 
our previous report for Zn-Ce6 binding to these peptides (Razeghifard & Wydrzynski, 
2003). Whilst the peptides only bind one heme per monomer, two Zn-Ce6 molecules 
will bind, one per His. Chi b was shown to bind to H23H42. There was no binding 
detected to F23F42 suggesting that this binding involved His ligation, in contrast to 
Zn-Ce6, only one Chi b bound per peptide monomer. This may be due to steric reasons, 
with the Chi’s phytyl tail preventing the binding of a second Chi. The K d was an 
order of magnitude weaker than that of Zn-Ce6 and thus, the binding of a second Chi b 
may occur at K d ^> 1 pM. It becomes problematic working with the Chls in aqueous 
solution at the concentrations required to confirm this. The K d values for the binding of 
the Zn-Ce6 were determined by absorbance to be about 0.3 and 1 pM  (Razeghifard & 
Wydrzynski, 2003). This is consistent with results obtained by Trp quenching at peptide 
concentrations of 5 pM dimer. At lower concentrations there was some disagreement
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Table 3.6: Porphyrin and chlorin binding to monomeric“ de novo peptides
Protein
Porphyrin
K db
(nM)
A G
(kJ mol-1)
nc
H23H42
Fe(III)-heme 54 ± 7 40.7 ±  0.3 1
Zn-Ce6 34 ±  16 42 ± 2 2
Zn-Ce66d 1,200 ± 33 ±  1 2
Chi b
200
540 ± 210 35 ±  1 1
H23M42
Fe(III)-heme 120 ± 4 0 39 ± 3 1
H23H42 pH 5.5
Zn-Ce6 <4000 - <1
F23F42
Zn-Ce6 nd - <1
“The peptide concentration was 250 nM where it is predominantly monomeric (see 
Table 3.7 and the text); bK d was determined by a fit of eqn 3.4 to Trp quenching data 
(Figure 3.15); “Ratio of porphyrin or chlorin binding per monomeric peptide. This 
experiment was performed at 5 /xM [H23H42]2 concentration.
in K d values and this proved to be due to concentration-dependent dissociation of the 
peptide dimer.
Peptide Dimerisation
There is a relationship between polarisation, fluorescence lifetime and rotational diffu­
sion (reviewed by Jameson & Seifried (1999)). The Perrin-Webber equation states:
1
Pi P
(3.5)
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where P, is the observed polarisation, P0 is the intrinsic polarisation4, r  is the excited 
state lifetime and p is the Debye rotational relaxation time5 which for a 17 kDa peptide 
dimer is ~20 ns. If we assume the Trp has a lifetime of 3 ns (a reasonable assumption 
for a solvent-exposed Trp), and we use a P0 of 0.3, using eqn 3.5 we find that the polar­
isation of the dimeric H23H42 peptide should be about 0.2. This is in good agreement 
with observation (see Figure 3.14). This polarisation will decrease upon dissociation 
of the dimerised peptide into monomers. To determine if it is feasible to measure this 
difference, guanidine denaturation of [H23M42]2 was measured by loss of Trp fluo­
rescence polarisation (data not shown). At very high guanidine concentration a loss of 
polarisation from ~0.2 to < 0.05 was observed corresponding to a [Gdn]i/2 of 5.7 M. 
This is similar to previous reports for these maquettes obtained by following the loss of 
secondary structure by CD (Gibney et al., 1997; Gibney & Dutton, 1999) and tertiary 
structure (Gibney et al., 1997). From a fit6 to the data a A GH2° of 28 ±  5 kJ mol-1 
and an m  value of 4.0 ±  1 kJ mol-1 M -1 was obtained. These values are considerably 
lower than those obtained by Gibney et al. (1997) following the loss of native structure, 
and secondary structure (Gibney et al., 1997, 1998). This may be due to this method 
only monitoring dissociation and not loss of a-helicity and demonstrates the possibility
4The intrinsic polarisation, Po, is the polarisation in the absence of depolarisation influences such as 
rotation and energy transfer. This is determined by:
G H H ( ^ b r ) ’ (3'6)
where 6 is the angle between the absorption and emission oscillator.
5The Debye rotational relaxation time is the harmonic mean of the relaxation times about the 3 axis
of rotation. This was simplified by Perrin for the case of spherical molecules where:
3z/M(v +  h) 
RT
(3.7)
where u is the solvent viscosity (0.01 in the case of water), M is the mass of the peptide (in Da), v is the 
partial specific volume of the peptide (we will use 0.74 mg mL_1), h is the degree of hydration (we will 
use 0.2 mg g -1 ), and R = 8.314 x 107 erg mol- 1 K- 1 . These values are taken from Jameson & Seifried 
(1999)
6The denaturation data was fit to a dimer folded to monomer unfolded model:
fraction dimer =  1 -  (7Tunf/4 P T) [ \ / (1 +  8PT/ A unf) -  1], (3.8)
where A:unf =  exp(—A G unf/R T ) and A G unf =  A G H2°  +  m[Gdn],
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Figure 3.16: Concentration-dependent change in polarisation of H23M42 as a mea­
sure of the K d of dimerisation. The inset shows the polarsation (squares) and emission 
intensity (open circles).
of using this Trp fluorescence to probe the dimerisation state of the peptide 
The de novo peptides will be in a monomer/dimer equilibrium:
where M and D are the monomeric and dimeric peptide, respectively, and the total pep­
tide concentration, PT, = [M] + 1/2[D]. This was measured for several peptides and 
Fe(III)- and Zn-Ce6-bound to H23H42 by diluting the peptides or complexes whilst 
measuring the Trp polarisation. This is shown for H23M42 in Figure 3.16. The data 
fits the model (eqn 3.9) well suggesting that if the monomer unfolds, it does so af­
ter dissociation. It made no difference if this experiment was performed in reverse, 
by increasing the peptide concentration. The energy of dissociation (AGd) value for 
H23H42 is in agreement with the AGIl2°  value obtained by denaturation of H23H23 
(discussed above) confirming the utility of these measurements. The K d values are 
given in Table 3.7.
The dimerisation of similar peptide maquettes have been analysed by gel perme­
ation chromatography and the peptides are reported to be dimeric over the concentra-
(3.9)
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Table 3.7: Energetics of dimerisation of the de novo peptides
Protein V
QW
A G d
(kJ mol-1)
AA Gd 
(kJ mol-1)
H23H42 1.5 ±0 .3 32.7 ±  0.5 0
H23F42 1.0 ±0 .3 33.7 ± 0 .9
H23M42 1.00 ±0.07 33.7 ± 0 .2
H23H42-heme 1.9 ± 0 .7 32 ±  1 0.7
H23H42-Zn-Ce6 3.7 ± 0 .7 30.5 ±  0.5 2.2
H23H42-Zn-Ce62 4.5 ±  1.0 30.0 ± 0 .6 2.7
H23H42a - 28 ± 5
“Disruption of dimeric H23H42 by guanidine. The AG  and error values were obtained 
from a fit to eqn 3.8. The K d values were obtained from AGd = —R T ln K d.
tion range 0.1 - 100 pM  (Gibney & Dutton, 1999). The values in Table 3.7 suggest that 
the peptides used here dimerise with a K d of about \ /iM. The peptides characterised 
by Gibney & Dutton (1999) are of a slightly different design, consiting of single helices 
covalently linked to form dimers, which then dimerise. The differences in the loop re­
gions between these peptides and those used in this work may account for the differing 
K d values.
The majority of Trp quenching titrations presented in Table 3.4 were performed 
with a monomeric peptide concentration of 200-500 nM. In this regime the peptide is 
predominantly monomeric (as suggested by the polarisation data) and this explains why 
the K d values of Zn-Ce6 binding were peptide-concentration specific. As the K d of 
Zn-Ce6 and Fe(III)-heme binding to monomeric H23H42 is ~50 nM, these porphyrins 
remain bound during the course of the dilution experiment. The monomeric peptide is 
expected to retain its secondary structure (Gibney et al., 1997). Despite this, heme and 
Zn-Ce6 binding only destabilises the H23H42 peptide complex by about 1 and 2-3 kJ 
mol-1, respectively (Table 3.7).
Despite the fact that two Zn-Ce6 molecules bind per H23H42 monomer, under both 
conditions of monomeric and dimeric peptide there is no evidence that these Zn-Ce6
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molecules are excitonically coupled: (i) The chlorin absorbance is identical to that of 
the monomeric species, and (ii) There is no shift in the chlorin fluorescence emission 
nor any fluorescence depolarisation upon the binding of the second equivalent of Zn- 
Ce6 per peptide monomer. Additionally, the width of the Zn-Ce6 cation radical does 
not change when bound singularly or doubly to H23H422 (data not shown). The re­
dox potentiometry of [H23H42-heme]2 shows considerable heme-heme electrostatic 
interactions (discussed above, Figure 3.13) but these interacting heme molecules are 
expected to be separated by about 15-20 Ä, which is probably too far apart to expect 
excitonic coupling. Then what is the structure of the [H23H42-Zn-Ce62]2 complex? 
As there is no evidence that the four bound chlorin molecules are within 10 Ä of each 
other, it seems likely that they are facially bound on the surface of the peptide. The 
absorbance spectrum of this complex (shown in (Razeghifard & Wydrzynski, 2003)) 
is fairly similar to that of the Zn-Ce6 imidazole complex (Figure 3.17) which supports 
this argument. Zn-Ce6 has three carboxylate groups (Figure 3.1) which makes it poten­
tially more soluble than either heme or ZnPP and thus more likely to bind to a fairly 
solvent-exposed position on H23H42.
To summarise, the de «ovo-designed peptide [H23H42] binds heme, ZnPP, Zn-Ce6, 
and Chi b. This binding involves His ligation and the peptide is able to bind 1 heme, 
ZnPP, or Chi b per monomer, or 2 Zn-Ce6 per monomer. In the [H23H42-Zn-Ce62]2 
complex, the bound heme are electrochemically coupled but there is no evidence for 
excitonic coupling in any of the porphyrin-peptide complexes despite the close prox­
imity of Zn-Ce6 in [H23H42-Zn-Ce62]2- This leads to some uncertainty in the relative 
position of the bound Zn-Ce6 molecules. As an alternative, chlorin binding was ex­
plored in cyt Z>562.
Chlorin Binding to Cytochrome Z>562
The apo-H63N protein can be reconstituted with the light-active Chi analogue Zn-Ce6 
and with ZnPP. These porphyrins are ligated by a single His (Figure 3.2) and in the 
H63N protein the only remaining His is at postion 102. This is one of the heme ligands 
within the binding pocket of the cyt. The binding of Zn-Ce6 to apo-H63N occurs with a 
K a of ~25 nM at a stoichiometry of 1:1. The absorbance spectrum of H63N-bound Zn-
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Figure 3.17: Absorbance spectra of Zn-Ceß in solution (dashed line), ligated with 
imidazole (solid line) and bound to cyt b562 (dotted line). All samples were in 50 mM 
KP;, 100 mM KC1, pH 7.0.
Ce6 is shown in Figure 3.17. The Zn-Ce6-H63N spectrum is red-shifted relative to both 
Zn-Ce6 in solution and the imidazole complex of Zn-Ce6. The Zn-Ce6-H63N spectrum 
is red-shifted relative to Zn-Ce6-H23H42 also (data not shown, see Table 3.8). The 
additional red-shifting to that caused by imidazole (His)-ligation is probably caused by 
the lower dielectric of the heme binding pocket relative to the solvent. This suggests 
not only that the Zn-Ce6 is bound within the cyt 6562 heme binding pocket, but also that 
the H23H42-bound Zn-Ce6 is relatively more solvent exposed.
Despite the M7H protein having two His residues within the heme binding site only 
a single ZnPP and Zn-Ce6 molecule bound per M7H. The absorbance and fluorescence 
of M7H-bound Zn-Ce6and ZnPP were almost identical to their H63N-bound coun­
terparts. The M7H-bound Zn-Ce6 Soret position is blue-shifted 4 nm relative to Zn- 
Ce6-H63N (Table 3.8). This is probably due to the greater porphyrin solvent-exposure 
within the heme biding site (discussed above with regard to bound heme) rather than 
the presence of His 7.
Neither apo-H63N or apo-M7H showed any Chi b binding suggesting that the cyt
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Table 3.8: Protein-bound Zn-Ce6 absorbance
Protein Peak
Soret
Position
Qx
(nm)
Q y
none 411 518 633
imidazole 420 524 639
H23H42 417 nd 641
H23M42 417 nd 641
H63N 425 527 646
M7H 421 525 646
heme binding site has some selectivity. Nevertheless cyt b562 proved to be a useful pro­
tein for the binding of a single porphyrin in a well-defined binding site. This is exploited 
in Chapter 5. A final attempt to create a peptide capable of binding an excitonically- 
coupled porphyrin dimer is outlined below.
3.4 3hlx: A Radical Cytochrome Z>562 Mutant
The H63N heme binding pocket was able to accommodate a single porphyrin molecule. 
In M7H, despite the presence of two potential ligands, only one porphyrin bound, pre­
sumably due to space constraints within the binding pocket. One key difference be­
tween the de «ovo-designed peptides used here and cyt &562, is that the cyt has quite 
different apo- and holo-protein conformations. The apo-cyt &562 has a reasonably well- 
order structure except for the C-terminal helix, which is unfolded. Upon heme, and 
presumably other porphyrin, binding this region of the protein becomes helical. This 
allows a “snug” fit around the bound porphyrin at the expense of protein stability in the 
apo-protein.
It was reasoned that the C-terminal helix could be removed from M7H without com­
pletely disrupting the proteins conformation. The resultant three-helix-bundle (3hlx) 
may be able to still bind a porphyrin (care of His 7) and the hydrophobic residues pre­
viously sequestered by the C-terminal helix could allow the 3hlx protein to dimerise.
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Figure 3.18: Molecular modelling of dimerised porphyrin-bound His3hlx
Thus, the protein would be a six-helix-bundle homo-dimer and the heme binding site 
would now perhaps be large enough to accommodate a porphyrin dimer. A molecular 
model of this protein is shown in Figure 3.18.
The 3hlx protein was created and and the mutagenesis is described in Chapter 2.1. 
The C-terminus was removed from after Gly 82, which is within the loop linking helix 
3 and 4. To ensure that the protein would dimerise a new C-terminal comprising the 
sequence GGGC was added. A similar sequence has been used at the C terminus of the 
original single-helix heme maquettes (Choma etal., 1994; Gibney & Dutton, 2001) and 
the cysteine allows the covalent dimerisation of these peptides. The same was hoped 
to be possible with the semi-synthetic 3hlx protein. The protein was expressed analo­
gously to the other cyt Z?562 mutants in E. coli and surprisingly the crude cells showed 
some pink colour characteristic of the recombinant cyt b562 proteins which bind heme 
in vivo. These cells were lysed and the absorbance spectrum of the crude supernatant is 
shown in Figure 3.19. The spectrum is similar to reduced wt cyt b562 and largely con­
sists of low-spin heme. It is not known what the heme’s sixth ligand would be in this 
case. There is an unusual un-assigned absorbance at 502 nm and significant absorbance 
at 630 nm, which is characteristic of high-spin (singly-ligated) heme. This absorbance 
was due to the presence of the 3hlx protein as a control experiment, with an E. coli 
culture lacking the plasmid encoding the 3hlx protein, failed to show any significant
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Figure 3.19: Absorbance spectra of the crude supernatant of His3hlx-over-expressing 
E. coli cells. The background absorbance was fit with a polynomial and subtracted.
heme absorbance.
It proved to be very difficult to purify this protein but it proved possible under de­
naturing conditions using urea. Some of the protein covalently dimerised as judging 
by non-reducing SDS PAGE (Figure 3.20 A) but the yield was variable and never 100 
%. The C-terminal GGGC sequence is not stabile in E. coli1 and thus some of the pro­
tein is probably cleaved in vivo. This protein would be unable to covalently dimerise. 
Size exclusion chromatography of the 3hlx protein gave a single peak with a similar 
elution time under both both reducing and non-reducing conditions (Figure 3.20 B and 
C, respectively). This suggests that the protein is able to non-covalently dimerise as 
designed. The apparent mass of the protein is about 30 kDa which is in excellent agree­
ment with the theoretical mass of the dimer, 28 kDa. If the protein is dimerised in a 
similar conformation to that shown in Figure 3.18, it is much more globular than the 
highly asymmetric wt cyt &562 (see Section 3.2). Thus, the chromatographic proper­
ties of the 3hlx dimer would be expected to be well-behaved (i.e. the apparent and
Stability was judged by the instability index computed with ExPASy ProtoParam, 
http://us.expasy.org/tools/protparam.html
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Figure 3.20: (A) SDS-PAGE of His3hlx in the absence (1) and presence (2) of ß  
mercaptoethanol showing cross-linking of the peptide. (B) Size exclusion chromatog­
raphy of His3hlx in the presence and (C) in the absence of DTT showing non-covalent 
dimerisation of the peptide.
theoretical mass should be similar).
The purified 3hlx protein had no heme bound as judged by absorbance. The protein 
was reconstituted with Fe(III)-heme. The bound heme had an absorbance maxima at 
about 400 nm and is similar to that of penta-coordinate myoglobin-bound heme (data 
not shown). The Fe(III)-heme bound with a K a of ~0.5 pM, at least 500-fold weaker 
than in M7H (< 1 nM)). The 3hlx protein was also titrated with ZnPP and this is 
shown in Figure 3.21. The K& of ZnPP binding to 3hlx (2.1 pM) is nearly 2 orders of 
magnitude weaker than that obtained for binding to H63M (~70 nM). The absorbance 
of bound ZnPP shows no evidence for any porphyrin excitionic coupling. The same 
can be said for the ZnPP fluorescence (not shown). The binding stoichiometry was 
not determined due to uncertainty in the protein concentration8. It seems that while the 
3hlx protein is able to bind both heme and ZnPP it is not able to do so in a conformation 
conducive to binding a special-pair-like porphyrin dimer.
8The estimated absorption coefficient at 280 is very low due to a lack of trp residues.
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Figure 3.21: Reconstitution of His3hlx with ZnPP
3.5 Summary
A range of porphyrins (heme, ZnPP, Zn-Ce6, Chi) were shown to bind to de novo- 
designed heme-binding peptides, cyt b562, and/or a semi-synthetic hybrid protein. Bind­
ing was shown to involve ligation to a His residue. Chi would not bind to cyt 6562, 
which has a heme binding pocket, but would bind to a de rcovo-designed peptide via 
a His. Presumably there are steric constraints within the cyt b5Q2 binding pocket that 
are absent is the less well-defined binding site of the de novo peptides. Generally the 
absorbance of the cyt &562-bound porphyrins were red-shifted relative to their de novo 
peptide-bound counterparts. This is probably due to a lower dielectric within the cyt 
binding pocket.
By altering a heme ligand (M7H) in cyt b562, the binding preference for Fe(II)- over 
Fe(III)-heme was reversed. This can be correlated with the different redox properties 
of the M7H and H63N cyts. The differing stability of the ferrous- and ferri-H63N and 
M7H holo-proteins can also be accounted for in terms of a thermodynamic square. The 
creation of a de «ovo-designed peptide with a His/Met heme-binding motif showed 
some evidence for His/Met heme ligation (700 nm CT band, binding stoichiometry)
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but had a redox potential consistent with fo's-His ligation.
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Quinone binding
Several mutants of the E. coli cyt b5G2 have been designed to bind a quinone within 
the hydrophobic interior of the protein. The quinone binding site is novel and the 
quinone is bound covalently to an engineered cysteine. The bound quinone remains 
redox active and the 2-electron reduction potential can be tuned by mutating amino 
acids neighbouring the binding site.
4.1 Quinone Chemistry
Quinones are diketones and have the general structure O =  C — (C =  C)n — C =  O. 
Ubiquinone (ubiQ), named after it’s ubiquitous presence in nature, is a para-benzo- 
quinone and is found in, among other places, the mitochondrial respiratory chain and 
bacterial photosynthetic reactions centres. Menaquinone, a 1,4-napthoquinone, is sim­
ilarly found in some reaction centres and mitochondrial complexes such as cyt bc\. In 
place of ubiQ, plastoquinone, another benzoquinone, is found in the reaction centres of 
cyanobacteria and higher plants. The structures of these three quinones are shown in 
Figure 4.1. Typically quinones are non-covalently associated with proteins and act as 
one or two-electron donor/acceptors in ET reactions.
Redox Chemistry
Typically quinones are excellent electron acceptors and in aprotic solvents are reduced 
in two 1-electron reactions forming a semiquinone anion (Q_ ) then the dianion (Q2~). 
p-benzoquinone (pBQ) is the simplest of the para- quinones and the redox and pro­
tonation states of this quinone are shown in Figure 4.1. Due to electrostatic consid­
erations, the formation of the dianion requires more energy than the formation of the 
semiquinone. Thus, the two redox reactions are resolved and reversable with n=l be­
haviour1 . This is not the case in protic solvents where the quinone reduction can be
1 n= 1 behaviour describes a one-electron redox reaction, while n=2 behaviour describes a 2-electron
reaction
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menaquinone
ubiquinone
plastoquinone
C o"
pK = 4.1
Figure 4.1: Left, The structures o f some common biological quinones. The phytol tail 
is of variable length and is species-specific. Right, The redox and protonation states 
of benzoquinone at pH >  0. The p/f values are taken from (Chambers, 1988). See the 
text for a description.
accompanied by protonation2. The physiologically-relevant pÂ  values for the steps in 
pBQ reduction are shown in Figure 4.1. As the Q2- oxygens have a high proton affinity 
(pÂ  >11), Q2~ is neutralised by protonation (forming QH2) and thus stabilised relative 
to the semiquinone. The result is that E(Q~ /Q2~) >> E(Q/Q~ ) and the reduction of the 
quinone shows n=2 behaviour. Essentially the reduction is coupled to proton binding 
in a 2-electron, 2-proton reaction:
Q +  2e +  2H+ ^  QH2. (4.1)
For a review see (Depew & Wan, 1988; Rich, 2004). This makes the study of the aque­
ous semiquinone rather challenging. The E(Q/Q~ ) values in water can be calculated 
from electrochemistry performed at very high pH (essential aprotic) and extrapolated
2 A note on nomenclature used here. If the protonation state of the quinone species is not explicit then 
the semiquinone and doubly-reduced species will be presented as Q“ and Q2~, respectively.
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to pH 7 values by:
/  10_pK +  10_pH\
E (Q /Q -)ph =  E ( Q / Q - ) PH7 +  59l0g ( 10--p K ^ , 1Q—7 J  - (4-2)
where pK is pK(Q~VQH). It is more difficult to measure E(Q“ '/Q 2~) and this is usu­
ally calculated from the relationship between the 1- and 2-electron reduction potentials:
E(Q/Q2") -  i[E (Q /Q -) +  E (Q ~/Q 2")]. (4.3)
Information regarding the relative stability of the semiquinone can be derived from 
another characteristic property of the quinones, the comproportion (or dismutation) 
reaction:
Q +  Q2- ^ 2 Q - ,  fcsemi=  fQUQ2 -i , (4 -4)
where ksemi, the semiquinone stability constant, is related to the difference in 1-electron 
reduction potentials:
RT
E (Q /Q -) -  E(Q-'/Q2- )  =  — lnfcsemi. (4.5)
For the case of pBQ in water at pH 7.0, E (Q /Q _ ) = 99 mV, E(Q /Q 2-) = 286 mV 
(Depew & Wan, 1988); therefore E (Q "'/Q 2_) = 473 mV (eqn 4.3) and ksemi = 3.7 x 
10-7 (eqn 4.5). Thus, at neutral pH no semi-pBQ is observed. However, as the pH 
is increased above pH 7, E(Q /Q " ) does not change but E(Q ~'/Q 2-) decreases by 
120 mV per pH unit at pH < pÄ^(QH_/Q H 2) (pÄ^~ 10, Figure 4.1). This decreases 
[E(Q/Q~) — E(Q~’/Q 2-)] and thus stabilises the semiquinone. This has been ex­
ploited to resolve quinone 1-electron reduction potentials. See for example Robertson 
e ta l  (1984).
Protein-Bound Quinones
In the pheophytin/quinone type RCs the final two electron acceptors are quinones. The 
penultimate acceptor, the primary quinone, Q a , is only involved in 1-electron reduc­
tion (Q —> Q ~) and is not doubly-reduced under physiological conditions. This con­
trasts with the ultimate acceptor, the secondary quinone, Q b , which is reduced (by 
Q a ) in two separate 1-electron reductions (Q —> Q~ —> Q2_) and becomes protonated3
3protonation may be coupled to ET rather than subsequent to reduction.
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(Q2 + 2H+ —> QH2). In order for Qa to doubly reduce Qb:
E(Qa/Q ä ) < E(Qb/Q b ) (4.6)
E(Qa/QX ) < E ( Q b  / Q b _ ) .  (4.7)
This is complicated by the fact that in R sphaeroides RCs and in PS II of cyanobacteria 
and higher plants, Qa and Qb are chemically identical quinones (ubiQ in the RC, plas- 
toquinone in plants). Thus, the difference in the properties of these quinones must be 
due to specific interactions between the quinone and the protein. Specifically, the pro­
tein must lower the E(Q/Q~") of Qb relative to Qa in order to satisfy eqn 4.6. If we 
consider the Rhodopseudomonas spheroides BRC (where Qa and Qb are ubiQ), eqn 
4.6 has been verified, as E(Qa/QX ) = -45 mV (Dutton et al., 1973), while E(Qb/Q b ) 
has been calculated to be about +20 mV (Wraight, 1998). Differences in the protein 
environment can (at least qualitatively) account for the differing redox properties of 
Qa and Qb- Qa is tightly bound within a relatively hydrophobic part of the M sub­
unit while Qb is loosely associated with a more polar region of the L subunit. The
semiquinone anions can be stabilised by a positive electrostatic potential, which can be 
provided through hydrogen-bonding, charged neighbouring amino acids and the dipole 
of the protein backbone. The backbone dipole may play a significant role as it is very 
large in RCs (Gunner et al., 1996).
As yet, there is no general structural motif for a quinone binding site (Fisher & 
Rich, 2000). The best characterised binding site is the Qa site of the BRC (Allen 
et a l, 1988), which has recently been shown to be structurally similar to the Qa site of 
photosystem II (Ferreira et al., 2004) (Figure 1.4) and has similarites to the Qd quinone 
binding site in the E. coli fumarate reductase (Iverson et al., 1999). Quinone binding is 
stabilised by hydrogen-bonding to the quinone carbonyl oxygen, van der Waals contact 
between the protein and quinone head group (benzoquinone moiety) and especially 
by hydrophobic binding of the large quinone phytol tail (Wamcke et al., 1994). As 
discussed in Chapter 1.1, the protein environment not only plays a major role both in 
modulating the redox properties of the cofactors (see e.g. (Ivancich et al., 1998; Rinyu 
et al., 2004)) but also the ET reaction (discussed in (Winkler et al., 1999; Page et al., 
1999)). It would then seem to be useful to use a protein-based system to mimic or
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study the photochemistry of a reaction centre. However, whilst quinones are common 
biological redox-active cofactors we are not aware of any previous work using them as 
bound electron donor/acceptors in designed or engineered proteins. The de novo design 
of a binding site that mimics all the features of the natural system is far too complex. 
To simplify this, I took a different approach which binds the quinone covalently.
It has long been known that quinones such as pBQ form addition compounds with 
thiol-containing compounds (Snell & Weissberger, 1939) including cysteine (Redfeam, 
1965). The reaction of cysteine and coenzyme Q0 (CoQ0) (ubiQ lacking the phytol tail) 
is thought to follow the reaction scheme in Figure 4.2.
Whilst the quinones associated with photosynthetic reaction centers are not cova­
lently attached to the protein this is not expected to have a major influence on the redox 
properties of the quinones (Brunmark & Cadenas, 1989). Most model protein systems 
previously used for ET have relied upon the covalent attachment of one or both of 
the donor/acceptor molecules to the surface of the protein (reviewed in Bjerrum et al. 
(1995)). As a result, the donor/acceptor molecules are not shielded from the high di­
electric solvent. The solvent exposure is expected to influence the ET event as solvent 
reorganisaton energy will play a major role. By attaching the quinone to a cysteine 
within the interior of the protein it is possible to bury both donor and acceptor within 
the interior of the protein. This has several advantages. The reorganisation energy 
should be reduced (relative to a quinone bound to the protein surface) due to less sol-
4.2 A Novel Quinone-Binding Protein
o o OH
Figure 4.2: The reaction scheme of CoQo with cysteine.
89
Chapter 4. Quinone binding
Figure 4.3: Molecular model of quinone-bound cyt b562 117C showing the porphyrin 
binding site and cysteine-bound benzoquinone.
vent reorganisation. Additionally the route of ET will be through the protein, and free 
of the solvent. The advantage of this is that the electronic coupling will more closely 
resemble that of natural proteins (ß ~1.4, see Chapter 1).
To initially study the reaction of cysteine with quinone, reduced glutathione (7-L- 
Glu-L-Cys-Gly) was used as a minimalistic cysteine-containing peptide and pBQ was 
used as a simple quinone. Mass spectrometry of 1:1 GSH:/?BQ in water showed 2 peaks 
with m/z = 414.0 and 435.9 (data not shown) which were assigned as the protonated 
and Na salt of glutathionyl-hydroquinone (GS-/?BQ-H2), respectively confirming the 
covalent attachment of pBQ to glutathione.
Design of the Quinone Binding Site
Once it was established that benzoquinones could efficiently react with cysteine, cyt 
b562 H63N (described in the previous chapter) was mutated at amino acid position 17 
replacing isoleucine with a cysteine creating the I17C mutant. This residue was chosen 
as it is not solvent-exposed in the holo-protein but reasonably accessable in the apo­
protein when the porphyrin is removed. The equivalent residue in a structural homo- 
logue of cyt &562, cyt c prime, is Trp. A cysteine-benzoquinone conjugate is of similar
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Table 4.1: Absorbance, EPR, redox properties and chemical stabilities of wildtype, 
H63N and I17C cyt b502-
Protein Absorbance Maxima (nm) EPR Em7 1AGH2°
oxidised reduced 9zi 9y (mV) (kJ mol-1)
wt 418, 529,558° 427,531,562° 3.04, 2.186 -El 89° 30 ± 5
H63N 418,530,560 427,531,561 3.04,2.18, +187 29 ± 3
I17C 418,530,560 427,531,561 3.04,2.19, + 192 34 ± 3
1 Guanidine denaturation of the ferri-proteins. Additional data (a) taken from Itagaki 
& Hagar (1966); (6) from Walker et al. (1986); (c) from (Barker et al., 1996).
size to Trp so it was estimated that cyt b5Q2 could accommodate the quinone in this 
postion. Additionally, molecular modelling of the protein (Figure 4.3) suggested that 
the edge-to-edge distance between the bound porphyrin and quinone would be about 
10 Ä which is the roughly the average distance between cofactors in the photosynthetic 
reaction centres (Moser et al., 2003) and a feasible distance for electron tunnelling to 
occur over (Page et al., 1999).
Characterisation of the I17C Protein
The absorbance, redox, and EPR properties of the heme-bound holo-I17C protein are 
indistinguishable to those of the H63N or wt protein suggesting that the I17C mutation 
does not disrupt the heme binding site (see Table 4.1). About 30% of the purified 
protein contained bound heme which was successfully removed by the method of Teale 
(1959) and no heme was detected in the apo-protein after this treatment. The apo- 
I17C protein had a tendency to cross-link during purification which was reversible by 
treatment with dithiothreitol. This indicates that the cysteine residue is at least partially 
solvent exposed in the apo-protein.
Quinone Binding
It has been reported that cysteine-reacted quinone has a characteristic absorbance spec­
trum with a peak at ~303 nm (Redfeam, 1965; Brunmark & Cadenas, 1989). This
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Figure 4.4: Absorbance spectra of CoQo (dotted line) and I17C-bound (reduced) 
CoQo (solid line). The inset shows a titration of CoQo into 15 gM  apo-I17C as mea­
sured by absorbance at 300 nm. Both samples were in 50 mM KP;, 100 mM KC1, pH 
7.0.
was used to monitor the titration of CoQ0 into apo-I17C, which is shown in Figure 4.4. 
Quinone binding occurred with a concomitant loss of free thiol (cysteine) as measured 
by Ellman’s reagent (data not shown) and no binding was observed if the apo-protein 
was cross-linked prior to the addition of the quinone. There was no cross-linking of 
the protein after reaction with CoQ0 and the loss of reduced cysteine is attributed to the 
covalent attachment of the quinone. The absorbance at ~303 nm is thought to be due to 
the doubly-reduced (hydroquinone) cysteine-quinone conjugate (Redfeam, 1965) and 
is consistent with the reaction scheme in Figure 4.2.
Hydroquinone fluoresces in aqueous solution with an excitation peak at 290 nm 
and an emission peak at 330 nm (Tchaikovskaya et al., 2000). Upon the stoichio­
metric addition of /?BQ to I17C a fluorescent species was observed with these spectral 
attributes, confirming the formation of bound hydroquinone (Figure 4.5). The bind­
ing of Fem-heme to /?BQ-bound I17C caused a ~30% quenching of the hydroquinone 
fluorescence (data not shown). Quenching of fluorescent protein side-chains such as
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Table 4.2: Protein-bound hydroquinone fluorescence
Protein eqn K sv (M-1) V (M_1) peak position
I17C 4.8 0.69 ±  0.05 - 333 nm
GS 4.8 1.9 ±0.1 - 333 nm
I17C, denatured 4.8 2.0 ±0.1 - 346 nm
I17C, pH 9 4.9 2.0 ±0.1 0.55 ±  .04 345 nm
L30Y 4.9 1.1 ± 0 .2 0.74 ±  .09 334 nm
L30H 4.9 0.9 ±  0.2 0.6 ± . l 333 nm
Trp by heme through resonance energy transfer is well characterised (see Willis et al. 
(1990) and references within) and a similar mechanism is expected to occur for the 
hydroquinone. The distance between the heme iron and hydroquinone was then esti­
mated using Förster theory (see Chapter 1.4). The spectral overlap (J) was calculated 
to be 2.6 x 10-15 and the quantum yield of the bound hydroquinone estimated to be 
0.1 (Tchaikovskaya et al., 2000). Using the rather poor approximation4 that k2 = 2/3, 
R0 was calculated (eqn 1.8) to be ~18 Ä. Thus, with a quenching of 30% the distance 
between the heme iron and hydroquinone is ~ 2 1 Ä. There is a large error in this value 
due to uncertainty in the quantum yield and particularly k,2. Nevertheless, this fluores­
cence quenching suggests that the porphyrin/quinone distance is in the right ballpark 
when considering the molecular model (Figure 4.3).
The fluorescence of bound hydroquinone was used to determine the extent of sol­
vent shielding conferred by the protein by using sodium iodide as a quencher. Charged 
iodide will only quench solvent-exposed chromophores and thus if the bound hydro­
quinone is buried within the protein then quenching will not occur. Stem-Volmer 
quenching analysis was performed using either eqn 4.8 or eqn 4.9:
F0/F  -  l+Äsv[Q] (4.8)
F0/F  =  (l+ ^sv[Q ])ev|Q1 (4.9)
where K sv is the Stem-Volmer constant, V is the static quenching constant and Q is
4k2 = 2/3 when the donor and acceptor can undergo unrestricted isotropic motion
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Figure 4.5: Fluorescence excitation and emission spectrum of reduced (hydroquinone) 
I17C-bound pBQ. The fluorescence from the protein (tyrosine) has been subtracted. 
The spectra were acquired with excitation at 290 nm or emission at 330 nm with an 
entry and exit bandpass of 2 nm. The inset shows Stem-Volmer plots of potassium 
iodide quenching of this fluorescence for GS-/?BQH2 (circles), denatured (4 M guani­
dine) I17C-/7BQH2 (triangles) and native I17C-/?BQH2 (squares). The quenching con­
stants are given in Table 4.2.
the quencher concentration, which in this case is molar potassium iodide. If, at higher 
concentrations of quencher, the Stem-Volmer plots show a positive deviation from lin­
earity, then eqn 4.9 is used, which is based on the sphere-of-action static quenching 
model. This is based on the assumption that quenching can occur with unit efficiency 
for a Poisson distribution of a non-bound quencher within a volume (V) around the 
fluorophore. Typical Stem-Volmer plots for hydroquinone in solution and bound to 
I17C and glutathione are shown in the inset in Figure 4.5. The measured quenching 
constansts are given in Table 4.2. GS-/?BQ-H—2 has a K sv of 1.9 M-1 while native 
apo-I17C-/?BQ—2 (no heme bound) has a K sv of 0.69 M-1. The reduced K sv when 
hydroquinone is bound to I17C suggests the cyt is providing some solvent shielding. 
Denatured apo-I17C-/?BQ—2 (in 4 M guanidine) has a K sv of 2.0 M-1. similar to that
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of GS-pBQ—2. The increase in K$v of I17C-bound hydroquinone upon denaturation 
suggests that the native protein confers some solvent shielding to the quinone which 
is lost upon denaturation of the protein in guanidine. A similar increase in K sv was 
seen in I17C-bound hydroquinone when the pH was raised from 7.0 to 9.0. This sug­
gests that there is also some pH-induced denaturation of the protein. When possible all 
following work was preformed at pH 7.0.
The effect of quinone-binding on the stability of the I17C protein was examined 
by guanidine denaturation. The binding of pBQ  to I17C does not significantly effect 
the stability of the heme-bound protein toward denaturation by guanidine at pH 7.0. 
The denaturation curves are shown in Figure 4.6 and the AG  values5, given in Table 
4.3. Whilst there is no significant change in A G H2°, the cooperatively of the transition 
(m ) is somewhat decreased in the quinone-bound protein. This suggests that the bound 
quinone causes a more disordered or inhomogeneous protein conformation. The loss 
of pBQ  solvent-shielding during protein denaturation was also determined by measur­
ing the extent of fluorescence quenching of bound hydroquinone by 0.2 M Nal in the 
presence of titrated guanidine. This was done in the absence of heme as it complicated 
the measurements due to its quenching of pBQ  fluorescence. The solvent screening of 
the protein is disrupted with a A G H2°  of 7 kJ mol"1. The stability of apo-wt cyt 6562 
has been reported by Feng & Sligar (1991) and (Robinson et al., 1998) as discussed 
in the previous chapter. In urea the loss of secondary structure in the apo-wt protein 
is reported to occur with a AGH2°  of 3.2 kcal mol"1 (13 kJ mol"1) (Feng & Sligar, 
1991). In the case of the loss of hydroquinone solvent shielding in I17C, either: (i) 
the difference in charge-screening by urea and guanidine account for the differences in 
A G H2°; or (ii) the secondary structure is destabilised by 6 kJ mol"1; or (in) the bound 
hydroquinone becomes solvent exposed prior to the loss of all secondary structure. As 
the A G H2°  of ferri-wt and ferri-I17C are not significantly different (ii) is unlikely. 
The extent of the hydrophobic effect has been estimated to be ~9.9 kJ nm"2 of water- 
excluded surface (Chothia, 1974). The surface area of a hydroquinone molecule was
5The denaturation was assumed to occur by a folded to unfolded transition and the data in Figure 4.6 
were fit to eqn 2.2. A G H2°  and m  values were obtained from these fits
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[Guanidine] / M
Figure 4.6: Guanidine denaturation of I17C. Loss of pBQ  solvent shielding in apo- 
I17C as measured by fluorescence quenching (squares) and loss of bound heme to 
I17C (circles) and /?BQ-bound I17C (triangles). The bound pBQ  causes a reduction 
in bound heme absorbance which is seen in the initial data points for heme-I17C-/?BQ 
where, upon quinone denaturation, heme absorbance is restored to normal levels.
calculated6 to be 119 Ä2 (1.19 nm2) and the disruption of van der Waals contacts be­
tween the surface of one side of the bound hydroquinone (~0.6 nm2) would account 
for the A G Il2°  measured. The 2 hydroxide groups in hydroquinone are not really hy­
drophobic however and thus the magnitude of the ’’hydrophobic effect” is probably less 
than 10 kJ nm-2 in the case of hydroquinone. If this is the case then the denaturation 
simply suggests that more than 0.6 nm2 of hydroquinone are buried.
Quinone Redox Properties
Whilst the sulfur addition to the quinone causes the reduction of the quinone to hy­
droquinone the bound quinone can be re-oxidised. The 2-electron equilibrium oxida­
tion/reduction of I17C-bound CoQ0 occurs with a midpoint potential (Em) of +205 mV 
at pH 7 (Figure 4.7). The Em of CoQ0 in solution was similarly measured to be +180
6The area of an energy-minimised structure of hydroquinone was calculated in Swiss-PdbViewer 
from a surface calculated with a 1.4 Ä probe.
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mV (Figure 4.7) which is in reasonable agreement with reported values (+162 mV 
(Lemma et a i,  1990)). Thus the combined effect of sulfur attachment and the effect of 
the protein environment on the redox properties of CoQ0 appear to be minimal (about 
+25 mV). Both titrations in Figure 4.7 were fit to a single Nemst curve (eqn 2.8) with n 
as a free variable and both showed n=2 behaviour. No semiquinone absorbance was ob­
served and the titrations showed isosbestic behaviour consistent with only two species. 
This is consistent with ksemi <C 1 for the I17C-bound semiquinone as is the case for 
ubiQ in solution (Hastings et al., 1998). Thus, the Em measured likely corresponds to 
the E(Q/QH2) reaction.
To determine whether the difference in Em between CoQ0 in solution and bound to 
I17C is due to the presence of a quinone sulfur bond or a more general protein envi­
ronment effect (e.g. local dielectric), the redox properties of pBQ  were more closely 
examined. pBQ  was chosen as it is better characterised (reviewed in Patai & Rappoport 
(1988)). The redox potentials of pBQ and GS-pBQ were measured by cyclic voltam­
metry (CV) in water at pH 9 with a glassy carbon working electrode. The E i/2 of pBQ  
and GS-pBQ extrapolated to pH 7 (assuming E 7(mV) =  E ph +- 59ApH) are +296 and 
+263 mV, respectively (data not shown). The value for pBQ is in good agreement with 
literature. The pH dependence of the E i/2 of aqueous GS-pBQ was determined and a 
slope of -57 mV per pH unit was fit over a pH range of 5-9. This is consistent with a 
2-electron, 2-proton redox mechanism and pÄT(Q~'/QH ) < 5, and pA^(Q2_/Q H _) < 9 
as is shown in Figure 4.1 for pBQ.
Table 4.3: Guanidine denaturaton of ferri-I17C and ferri-I17C-pBQ
Protein [Gdn]1/2
(M)
A G H2°
(kJ mol-1 )
m
(kJ m ol"1 M -1)
ferri-proteins
I17C 1.2 34 ± 4 29 ± 3
I17C-pBQ 1.4 31 ±  1 22 ±  1
apo-protein
I17C-pBQ 0.5 7 ±  1 15 ±  1
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Direct electrochemistry of cyt b562 has been reported (Barker et al., 1996) using 
pyrolytic graphite or modified gold electrodes. I attempted to measure the redox po­
tential of I17C-CoQo and I17C-/?BQ using a modified7 gold electrode but were unable 
to obtain a stable reversible response. The reasons for this remain unclear. Instead, 
the redox properties of GS- and I17C-bound pBQ were examined by chemical poten- 
tiomentry similarly to the titrations shown in Figure 4.7 (data not shown). The Em 7 
of GS-/?BQ is +265 mV while that of I17C-/?BQ is +177 mV. Both titrations showed 
n=2 behaviour and the GS-pBQ potentiometric Emj  is in excellent agreement with the 
E 1 / 2  obtained by cyclic voltammetry. The Emj  of I17C-pBQ is about 100 mV lower 
than that of GS-/?BQ or pBQ. The value for I17C-bound pBQ was determined for a 
sample prepared by the addition of excess quinone and subsequent dialysis (see Chap­
ter 2.4). It is possible that during this relatively lengthy procedure the protein-bound 
quinone underwent a chemical reaction with the solvent water or hydroxide forming 
protein-bound-5-hydroxy-l,4-benzoquinone. This was not the case with the GS-/?BQ 
experiment which was performed immediately after formation of GS-pBQ-H2. This 
pBQ hydroxylation is not unprecedented and is discussed in a review by Brunmark & 
Cadenas (1989). The Em value of +177 mV is in good agreement with the reported 
midpoint potential of 5-hydroxy-/?BQ (+181 mV) (Clarke, 1960). This is also consis­
tent with the bound oxidised quinones absorbance peak position of ~345 nm which is 
characteristic of 2-sulfur-5-hydroxy-1,4-benzoquinone (Brunmark & Cadenas, 1989) 
and significantly shifted from that of of 5-sulfur-/?BQ (367 nm (Brunmark & Cadenas, 
1989)). This highlights the problems of working with quinones in aqueous solution. 
However, cysteine-bound CoQ0 has a saturated quinone ring and thus is not suscepti­
ble to attack by water/hydroxide. Thus, aside form hydroquinone fluorescence experi­
ments, C0 Q0 was the quinone of choice for the remaining experiments.
As the Em of C0 Q0 does not change substantially upon binding I17C we will as­
sume that the E(Q/Q~ ) does not change significantly either. The E(Q/Q-  ) of ubiQ in 
water has been estimated to be -100 to -120 mV (Wraight, 1998). The effect of a prenyl 
group (phytol tail) on E(Q/Q- ) is similar to the effect of a methyl group (Prince et al., 
1983) which lowers the E(Q/Q~ ) of pBQ by ~80 mV (Prince et al., 1983; Depew &
vThe gold electrode was modified with the peptide KCTCCA
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Figure 4.7: Redox titration curves of I17C-bound CoQo (filled circles) and CoQo in 
solution (open squares) as measured optically in 50 mM KP;, 100 mM KC1, pH 7.0.
The data are fit to a Nemst curve with Em= +205 mV (n = 1.9 ±  0.1) for I17C-CoQo 
and Em= +180 mV (n = 2.1 ± 0 .1) for CoQo in solution. The inset shows the oxidised- 
minus-reduced absorbance difference spectrum of the 117C-CoQo titration.
Wan, 1988). Thus, we can estimate an E(Q/Q_ ) of -30 mV for CoQ0 in solution and a 
similar value for I17C-bound CoQ0. As mentioned earlier, the value of E(Q/Q~ ) can 
often be directly measured at high pH, typically using EPR. This is discussed later in 
Section 4.4.
4.3 The L30 Mutants
To tune the redox properties of the I17C-quinone a variety of different quinones were 
bound to I17C. This is further discussed in the following chapter but the values of 
measured and reported redox potentials of quinone species used in this work are given 
now in Table 4.4. It proved difficult to find other suitable quinones with significantly 
lower redox potentials than CoQ0. As an alternative, the redox properties of the bound 
quinone were altered by mutating an amino acid neighbouring the bound quinone. In 
I17C the leucine at position 30 was replaced with a histidine and tyrosine creating the
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Table 4.4: Redox properties of the quinones
Quinone measured
E(Q/Q2-)
reported
E(Q/Q2-)
reported
E(Q/Q-)
pBQ +296 +286 +99
GS-pBQ +266 - -
inC -pB Q 1 +177 - -
ubiQ - +90 ■ o 0 1 1 K) O 0
CoQo +180 +162 -
I17C-CoQo +205 +205 -
2-hydroxy-/?BQ - +1816 -
All values (mV vs. SHE) are for the quinones in water at pH 7. Reported values are 
taken from Depew & Wan (1988), except (a) from Wraight (1998) and (b) from Clarke 
(1960). !This was possibly protein-bound 2-hyroxy-benzoquinone as discussed in the 
text.
L30H and L30Y mutants, respectively (together denoted the L30 proteins). Leu 30 was 
carefully chosen after molecular modelling to optimally place the His or Tyr residue in 
contact with the bound quinone. A molecular model of L30Y is shown in Figure 4.8 
and the relative postion of the residue at position 30 in I17C, L30H and L30Y relative 
to the bound quinone in molecular models are shown in Figure 4.8.
The L30 proteins were expressed and purified as for the other cyt b562 proteins. 
Unlike I17C and L30Y, the L30H protein had no endogenous heme bound after pu­
rification. The lack of in vivo heme binding suggested that the L30H mutation was 
fairly destabilising. This was examined by guanidine denaturation and the denaturation 
curves of the L30 ferri-proteins are shown in Figure 4.9. Both the L30 proteins are 
significantly less stable than I17C and the AGH2° values are given in Table 4.5. Both 
L30 proteins contain four mutations relative to wt cyt 6562, MO, H63, 117 and L30. It 
is interesting that the protein tolerated the first three mutations with little change in 
AGH2°, yet the L30 mutation has reduced the stability (AGH2°) by more than half. 
Attempts to add additional mutations were abandoned due to the likelihood that any
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Figure 4.8: Molecular models of CoQo-bound L30Y (top) and the postion of the the 
residue at position 30 relative to the cysteine-bound CoQo in the energy minimised 
structures of the three L30 proteins from left, I17C, L30Y and L30H (bottom). The 
closest distance between these residues and the quinone ring is < 3.8 Ä.
other mutations would further prevent the correct folding of this protein.
CoQo and pBQ still readily bound to the apo-L30 proteins and to determine if the 
decreased stability of these proteins yielded a more solvent-exposed quinone, iodide 
quenching was again performed. The Stern-Volmer plots are shown in Figure 4.10 and 
the K sv values given in Table 4.2. Both L30 proteins have K Sv values larger than 
for I17C-/?BQ-H2 but smaller than for solvent-exposed hydroquinone when bound to 
glutathione or denatured I17C. This suggests that the quinone-binding site in the L30 
proteins is altered relative to I17C and is probably more solvent-exposed. It is inter­
esting to also note that while the Stern-Volmer plots for both L30-/?BQ-H2 proteins 
showed deviation from linearity at high iodide concentrations, I17CpBQ-H2 did not.
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Figure 4.9: Guanidine denaturation of Fe(III)-heme-bound I17C (circles), L30Y (tri­
angles) and L30H (squares) as measured by loss o f bound heme Soret absorbance at 
pH 7. The A G H2°  and m values are given in Table 4.5
This too suggests that there are differences in the quinone binding site in the L30 pro­
teins. The cause o f theses differences in quenching properties is uncertain and more 
precise structural information is required.
The redox properties o f CoQ0 bound to the L30 proteins were examined by chem­
ical potentiometry at pH 7 analogously to those in Figure 4.7 and this is shown in 
Figure 4.11. Both L30H and L30Y drastically lower the E(Q/Q2~) potential. Both 
displayed n=2 behaviour and again no semiquinone was observed. There is a lot of 
scatter in the L30H data and thus some error in the precise Emvalue. This is due to sev­
eral factors. The protein has a tendency to aggregate at modest concentrations and the 
experiment was thus performed at a protein concentration with a lower-than-optimal 
quinone absorbance. Additionally, the low Em necessitated the use of several naptho- 
and anthroquinones to mediate this reaction. These have relatively strong and interfer- 
ring absorbance which complicated deconvolution of the spectra. Nevertheless, the Em 
of L30H-bound CoQ0 is significantly lower than that o f L30Y and much lower again 
than that of 117C-bound CoQ0.
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[Iodide] / M
Figure 4.10: Stem-Volmer plot of potassium iodide quenching of /?BQ-H2-bound flu­
orescence in apo-I17C (triangles), apo-L30Y (circles) and apo-L30H (squares). The 
experimental conditions are identical to those in Figure 4.5 and the K sv values are 
given in Table 4.2.
The iodide quenching suggests that the quinone is more solvent exposed in the L30 
proteins, yet this should lead to more positive Em values. The Tyr placement in L30Y 
is designed to allow the Tyr phenol moiety to 7r-stack with the quinone ring (Figure 
4.8). The negative electrostatic potential associated with the tyrosine it system should 
destabilise the semiquinone anion and thus lower E(Q/Q~') and in-tum E(Q/Q2-). It 
is also possible that the Tyr could form a H-bond with one of the quinone carbonyl 
oxygens. This could stabilise hydroquinone formation and also lower the Em. The 
effect of the histidine is more difficult to explain. It is quite possible that the histidine 
could also form a hydrogen-bond with a quinone oxygen. However, it is difficult to 
envisage that the bound quinone is completely sequestered from the solvent and thus 
not hydrogen-bonded to water.
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Figure 4.11: Chemical redox potentiometric titrations at pH 7.0 of C0 Q0 bound to 
apo-I17C (squares) apo-L30Y (circles) and apo-L30H (triangles). All three titrations 
are fit to a single Nemst curve for 2 electron reduction (n = 2). The Em 7 values are 
given in Table 4.5.
Table 4.5: Selected properties of the L30 proteins.
Protein shielding“ stability6 
AGH2°,
redoxc 
E(Q/Q2-), n
I17C 2.9 34 ± 3 , 29 ± 2 +205, 1.9 ±0.1
L30Y 1.8 11 ±  1, 23 ±  2 -105, 1.9 ± 0 .2
L30H 2.2 10 ±  1, 15 ± 2 -240,2.1 ± 0 .5
“Shielding as determined from Figure 4.10. The value here is the ratio K$v(denatured 
I17C)/7Csv; ^Guanidine denaturation of the Fe(III)-heme-bound protein from Figure 
4.9. The values shown are in units of kJ mol-1 M_1, AGH2°, and kJ mol-1 M-1, 
cosolvation (m); cEm (in mV) determined from the fit of Nemst curve to data in Figure 
4.11.
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Semiquinone
To better characterise the protein-bound quinone, the semiquinone was examined by 
absorbance. Initially the formation of semi-/?BQ was observed at alkaline pH (Figure 
4.12). As the pH is raised above ~7.5 pBQ forms relatively low yields of semiquinone 
anion. Above pH 9 the solution rapidly became brightly red coloured, obscurring the 
weak semiquinone absorbance. This red colour is characteristic of hydroxy-benzoquinone 
formation, so pH 9 was used as an upper-limit for these experiments. The formation 
of semiquinone in Figure 4.12 can be fit to a pK  of about 9, but due to uncertainty in 
the maximal absorbance this is not very accurate. The semiquinone anion has a peak 
at 425-435 nm in water with e ~7000 M-1cm-1 while the neutral semiquinone has 
a peak at 410-415 nm with e ~5000 M-1cm_1 (Depew & Wan, 1988). Thus, the 
yield of semiquinone generation by alkalinisation is very low (< 1 %). The mechanism 
of the formation of the semiquinone is not certain. If there is a small hydroquinone 
contamination, the comproportion reaction (eqn 4.4) will generate some semiquinone. 
Additionally, as the pH is elevated /cseini increases and the semiquinone becomes more 
stable. It is possible that the quinone is also reduced by abstraction of an electron from 
a hydroxide radical (Depew & Wan, 1988):
Q + OH- —> Q“ +  OH’. (4.10)
and this would explain the alkaline pH dependence. Interestingly, the neutral semiquinone 
radical was observed in a solution of hydroquinone at pH 9 (Figure 4.12). This is quite 
remarkable as pA^(Q~/QH ) ~  4. Similar amounts of the semiquinone anion were ob­
served in solutions of pBQ  and hydroquinone at pH 9 (Figure 4.12). This suggests that 
the major determinant of semiquinone concentration is probably ksemi rather than the 
mechanism of formation (which must be different for pBQ  and hydroquinone). What­
ever the mechanism of radical formation, the presence of the semi-pBQ anion in pBQ 
solutions at pH 9 allows a simple and easy method of radical generation free of other 
contaminating reagents.
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Figure 4.12: Left, The absorbance spectra of 1 mM pBQ and 1 mM hydroquinone at 
pH 9.0 showing the neutral and anionic semiquinone absorbance. Right, Generation 
of the pBQ semiquinone anion by raising the pH.
4.4 Quinone EPR
EPR offers a sensitive method of free radical measurement and this was employed 
to further characterise the semiquinone radicals. An analogous experiment to that 
shown in Figure 4.12 was performed by EPR and this is shown in Figure 4.13. The 
[semiquinone] vs pH dependence as measured by EPR is similar to that measured 
by absorbance. X-band EPR measurements were made at room temperature. The 
semiquinone radicals, like most organic radicals, have very long spin-lattice (Ti) re­
laxation times which results in their EPR spectra exhibiting narrow peaks even at room 
temperature (as opposed to the case of Fe(III)-heme EPR discussed in the previous 
chapter). Thus, changes in semiquinone EPR spectra can be resolved at room tempera­
ture and this technique was used to look at I17C-bound semiquinones.
The EPR spectra of /?BQ and GS-pBQ at pH 9.0 are shown in Figure 4.14 a and 
b, respectively. The spectrum of semi-GS-/?BQ is very different to that of pBQ. This 
species shows line broadening at relatively low magnetic power (power at half satura­
tion, P i/2 (Rupp et al., 1978), = 5 mW) and the resultant broadened spectrum is shown 
in Figure 4.14 c on the same y scale as Figure 4.14 b. The resolved GS-/?BQ spectrum
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Figure 4.13: Generation of the pBQ semiquinone by raising the pH as measured by
room temperature X-band EPR.
was simulated by Karin Ahrling and it cannot be fitted with less than three anisotropic 
interactions. As the cysteine-bound pBQ  anion radical has a sulfur in place of one of 
the hydrogens it contains three non-equivalent hydrogens which account for these three 
anisotropic tensors. The EPR spectrum of I17C-pBQ at pH 9.0 is shown in Figure 4.14 
d and is quite similar to that of GS-/?BQ at high microwave power. This spectrum was 
acquired at 6.3 mW which is well below the measured Pi/2 of 15 mW. This relaxation 
(relative to Pi/2 = 5 mW in GS-/?BQ) is probably caused by the protein matrix (Allen 
et al., 1982).
The lines in the low-power GS-/?BQ spectrum are very sharp, consistent with a very 
long Ti. The broadening at high microwave power is thought to then arise through T2 
processes causing inhomogeneous broadening rather than pure relaxation broadening. 
T2 processes depend on the correlation time (rc) of the molecule, which in turn depends 
on the viscosity of the solution and the Bohr radius of the radical. In these experiments 
the radical is in the regime where uqtc ^  1, where Ti becomes much longer than T2 and 
rc approaches that of a solid (Carrington & McLachlan, 1967). This is consistent with 
the observation that the hyperfine interactions in GS-pBQ are not absolutely symmetric
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Figure 4.14: Room temperature X-band EPR spectra of (a) pBQ at 0.1 G modulation 
amplitude (MA); (b) GS-bound /?BQ at 0.2 G MA, 6.3mW; (c) /?BQ at 0.2 G MA, 
80mW scaled relative to (b); (d) I17C-bound pBQ at 1.0 G MA, 6.3 mW. These sam­
ples were at pH 9.0 in 50 mM tris, 100 mM KC1.
indicating that the molecule is tumbling too slowly for the interactions to be averaged 
out. The I17C-/?BQ spectrum is broadened and the individual peaks unresolved which 
could simply be due to a longer T2 brought about by the slower tumbling of the much 
larger protein molecule. As I17C is obviously much larger than GSH this difference in 
rc and thus T2 might account for the our inability to resolve the hyperfine interactions 
in I17C-/?BQ at low microwave power.
The EPR spectra of the CoQ0 semiquinone in solution and bound to I17C are shown 
in Figure 4.15. The 5 line spectrum of CoQ0 in solution is consistent with reports for 
the semiquinone anion while the 4 line spectrum of I17C-bound CoQ0 is similar to that 
reported for the glutathione-bound semi-CoQ0 anion (Guo et al., 2002). Unlike pBQ, 
the power-saturation behaviour of semi-CoQ0 does not change upon binding to apo- 
I17C (Pi/2 of semi-CoQo = 27 ±  1 mW, Px/2 of semi-CoQo-I17C = 25 ±  2 mW). In 
semi-CoQo the hyperfine splitting is dominated by the single hydrogen on the quinone 
ring. This is lost upon binding to the protein. There are 3 equivalent hydrogens (5-
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Figure 4.15: Room temperature X-band EPR of I17C-bound CoQo and CoQo at pH 
9.0, 0.2 G modulation amplitude, 10 mW microwave power.
methyl) which also contribute to the hyperfine interactions and, as these interactions 
are relatively weak, the splitting is quite large. Thus, the spectra of the I17C-bound 
CoQo semiquinone is reasonably well resolved despite the inhomogeneous broadening 
caused by the slow tumbling of the protein.
The EPR spectra of the L30H and L30Y-bound pBQ  and CoQ0 semiquinones are 
not measurably different to those of the I17C-bound quinones. Iodide quenching of 
I17C-bound hydroquinone at pH 9 (under the same buffer conditions as EPR was per­
formed) gave a K$v value similar to that of denatured I17C-pBQ-H2 (Table 4.2). This 
suggests that increasing the pH from 7 to 9 causes some structural perturbation to the 
protein-quinone complex. If the quinone is no longer bound within the interior of the 
protein then the interactions between the quinone at residue 30 will be lost and thus 
the semiquinone in the I17C and L30 proteins would be expected to have similar EPR 
properties. Attempts to measure the E(Q/Q~ ) values for the protein-bound quinones 
was abandoned as a result of this finding.
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4.5 Summary
Quinones such as /?BQ and CoQ0 can bind to an engineered cysteine within the inte­
rior of the I17C mutant of cyt 6562. This quinone binding site is novel and we are not 
aware of any previous reports of a designed quinone-binding protein. The bound hy- 
droquinone is partially shielded from the solvent and is not significantly destabilising 
to the ferri-protein. The bound quinone undergoes 2-electron oxidation/reduction at 
physiological pH and the semiquinone can be generated at pH 9. The EPR spectrum of 
I17C-bound semi-CoQ0 is consistent with sulfur addition and similar to reported spec­
tra of glutathione-bound CoQ0. The L30 mutants of the cyt b562 H7C are significantly 
less stable than I17C yet still bind CoQ0. The Em of bound CoQ0 in the L30 mutants is 
significantly lower than in I17C but the mechanisms by which this is achieved are not 
well understood.
This chapter merely represents the preliminary characterisation of a new quinopro- 
tein. Considerable future work is required to better-characterise this system. The major 
focus of this work would involve: (z) measuring the E(Q/Q~ ) values for protein bound 
quinones, perhaps by ultra-fast electrochemistry at pH 7; and (zz) collecting detailed 
structural information regarding the effect of quinone-binding on the protein structure, 
preferentially by X-ray crystallography which, unlike NMR, would also determine the 
structure of bound (un-labelled) cofactors (quinone and perhaps a bound porphyrin).
The following chapter describes the use of the bound quinone as an electron accep­
tor in light-induced ET reactions.
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Electron Transfer
The quinone-bound I17C and L30 proteins described in the previous chapter retain the 
heme binding site and can simultaneously bind a quinone and porphyrin. As shown 
in Chapter 3, cyt b562 and its mutants can be reconstituted with light-active chlorophyll 
analogues such as ZnPP and Zn-Ce6. When the protein has both a light-active porphyrin 
and oxidised quinone bound (denoted porphyrin-I17C-quinone), light-induced ET is 
observed from the porphyrin to the quinone. Thus, this small porphyrin/quinone/protein 
complex can mimic the primary charge separation event of a pheophytin/quinone-type 
photosynthetic RC.
5.1 Singlet Electron Transfer: Mimicking a Reaction Centre
Both the apo-I17C and CoQ0-bound I17C proteins can be reconstituted with the light- 
active chlorophyll analogue Zn-Ce6. As the I17C protein contains the H63N mutation 
(described in Chapter 3), the only remaining histidine in I17C is at postion 102 and this 
histidine is one of the heme ligands within the binding pocket of the cyt. The bind­
ing of Zn-Ce6 to apo-I17C is indistinguishable from H63N in terms of K a (~25 nM) 
and absorbance maxima (the absorbance spectrum of Zn-Ce6-I17C-CoQ0 is shown in 
Figure 5.1). The absorbance spectra of Zn-Ce6-I17C and Zn-Ce6-I17C-CoQ0 are in­
distinguishable suggesting there is no ground state coupling between the chlorin and 
quinone. However, the Zn-Ce6 fluorescence intensity in Zn-Ce6-I17C-CoQ0 increases 
by ~20 % when the bound quinone is reduced with dithionite. This is shown in Figure 
5.1 B. Thus, in Zn-Ce6-I17C-CoQ0 there is a ~20 % quenching of the chlorin fluores­
cence by the quinone if it is oxidised. The quenching could be either due to Förster 
energy transfer (the absence of ground-state coupling rules-out a Dexter mechanism, 
see Chapter 1.4) or ET. There is no detectable spectral overlap between the Zn-Ce6 
emission and quinone absorbance (J = 0) and as the quenching is only observed in the 
presence of the oxidised quinone, which is a classic electron acceptor, we favour the 
later explanation of ET. This is not unprecedented as early reports of porphyrin-quinone 
diads reported fluorescence quenching when the quinone was oxidised. This too was 
explained by an ET mechanism rather than energy transfer (see Chapter 1.8).
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Figure 5.1: (A) Absorbance spectrum of Zn-Ce6-I17C-CoQo in 50 mM KP^, 100 mM 
KCl, pH 7.0. The inset shows the Soret-region light-minus-dark absorbance spectrum 
of the of this complex (excitation at 650 nm). (B) Fluorescence emission spectra of Zn- 
Ce6-I17C-CoQo in the absence (solid line) and presence of sodium dithionite (dotted 
line) showing ~  20% quenching of the chlorin fluorescence by the oxidised quinone.
To further characterise the ET reaction in Zn-Ce6-I17C-CoQ0, light-induced ab­
sorbance changes were examined. The Soret-region light-minus dark absorbance dif­
ference spectrum is shown in the inset to Figure 5. 1. The difference spectrum is not 
well resolved but can be explained by a loss of the chlorin n —> n* transition which 
occurs upon formation of a singlet, triplet or cation state. There is no detectable triplet 
absorbance at ~460  nm and flash photolysis with a flash lamp (~  5 /is flash) failed to re­
solve the kinetics of the Soret bleaching, which would be relatively slow if a triplet was 
formed. If there is light-induced ET from Zn-Ce6 to the quinone in Zn-Ce6-I17C-CoQ0 
then the chlorin cation and semi-quinone radicals should be detectable upon illumina­
tion. These radicals can be detected by EPR.
Under illumination Zn-Ce6 forms a porphyrin n cation (Razeghifard & Wydrzynski, 
2003) and this is shown in Figure 5.2 (a) for I17C-bound Zn-Ce6. The EPR spectrum
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Figure 5.2: Left, Room temperature X-band light-minus dark EPR spectra of (a) Zn- 
Ce6-I17C and (b) Zn-Ce6-I17C-CoQo at pH 7. I17C-CoQo (no chlorin) at pH 9.0 is 
shown in (c). Note that the dotted lines demonstrate that spectrum (b) is a composite of 
(a) and (c). Right, progressive microwave power saturation of the spectra. The signal 
intensity is normalised (I/Io and the ? i / 2 values are given in the text).
of Zn-Ce6-I17C-CoQo under illumination at pH 7 is also shown in this figure. In the 
dark there is no detectable EPR signal from this sample. The spectrum is a composite 
of the Zn-Ce6 cation and semi-CoQ0 and confirms that light-induced ET occurs from 
Zn-Ce6 to CoQ0. The power-saturation behaviour of the Zn-Ce6 cation changes in the 
presence of the bound semi-quinone with the P ^  increasing from 86 ±  4 to 198 ±  12 
mW (Figure 5.2, right). This relaxation is likely due to the close proximity of the semi- 
quinone radical which is acting as a relaxer. The distance (r) between Zn-Ce6+' and the 
relaxer is related to the power-saturation relaxation (Abragam & Bleaney, 1986) by:
A P i/2 O C  (5.1)
where S is the spin of the relaxed radical, which in the case of Zn-Ce6+' is S = 1/2. In 
order to achieve a A P i/2 of >100 mW, r must be quite small. This is consistent with 
Figure 4.3 in the previous chapter, where the quinone is ~10 Ä from the bound chlorin.
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The light-induced ET kinetics in Zn-Ce6-117C-CoQ0 where investigated using time- 
resolved EPR (TREPR) of the Zn-Ce6 cation signal. Unfortunately both the forward 
and back reactions were not resolved due to instrument limitations, ~20 ps resolution 
(data not shown). This explains why spectrum b in Figure 5.2 has poor signal-to-noise. 
The radicals (charge separated state) have a short lifetime and thus the signal measured 
is predominantly ground-state Zn-Ce6-I17C-CoQ0. This also hampers measurements 
of P680+' in photosystem II (Miller & Brudvig, 1991). To prove that this is an instru­
ment limitation, the light-induced ET from H63N-bound Zn-Ce6 to CoQ0 in solution 
was investigated by TREPR. In this case there will be a greater distance between the 
donor and acceptor and thus /cEt will be slower and the kinetics resolved. The charge 
separation was not resolved but the recombination kinetics were easily resolved (data 
not shown, kcR ~  200 s-1) demonstrating the utility of this method for measuring 
(relatively slow) light-induced ET.
To resolve the rate of the forward ET reaction in Zn-Ce6-I17C-CoQ0, the Zn-Ce6 
fluorescence lifetime was measured1. The measurements were made with a time- 
correlated single photon counting apparatus and ultrafast laser with picosecond res­
olution. The fluorescence lifetime of I17C-bound Zn-Ce6 decreased in the presence of 
bound CoQo from 3.01 to 2.42 ns (Figure 5.3). The rate of forward ET was calculated 
by kET= t d a  — t d 1 t0 be 8.1 x 10' s-1 (12 ns lifetime), (tda is the lifetime of Zn- 
Ce6-I17C-CoQ0, r#  is the lifetime of Zn-Ce6-I17C). If the bound CoQ0 is subsequently 
reduced with dithionite the Zn-Ce6 fluorescence lifetime increases to 3.07 ns as there 
is no ET to the bound hydroquinone. The efficiency of the ET reaction is ~20 % (eqn 
1.4) and in good agreement with steady state fluorescence quenching (Figure 5.1).
The effect of the driving force (A G°) on this ET reaction was investigated by mea­
suring the fluorescence decay kinetics of this system when CoQ0 was substituted for 
several other p-benzoquinones. CoQ0 was substituted with /?BQ, 2,6-dichloro-pBQ, 
and 2,5- and 2,6-dimethyl-/?BQ. The one-electron reduction potentials of these quinones 
spans >500 mV in water from -80 mV to +470 mV, yet only a ~2.5 fold change in kET 
was observed (see Table 5.1). As discussed in Chapter 1, in Marcus theory /cET oc
'The fluorescence decay measurements were performed in collaboration with Dr Trevor Smith and 
Prof. Ken Ghiggino in the School of Chemistry, University o f Melbourne
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Figure 5.3: Zn-Ce6 fluorescence decay curves for (a) Zn-Ce6-I17C, (b) Zn-Ce6-I17C- 
CoQo and (c) dithionite-reduced Zn-Ce6-I17C-CoQo. (d) is the instrument response.
The lifetimes are given in Table 5.1.
exp[—(AG° + A)2/A] where A is the reorganisation energy (reviewed in (Marcus & 
Sutin, 1985)). In the Zn-Ce6-I17C-quinone system the electron is transfered from the 
excited state of Zn-Ce6 which has an energy (£70,o) of 1.91 eV (the average energy of 
the Qy absorbance band and fluorescence emission band (Marcus & Sutin, 1985)). The 
driving force can be approximated as:
A G° =  A E-Eo, (5.2)
where A E  is the difference between the oxidation potential of Zn-Ce6 (E(Zn-Ce6/Zn- 
Ce6+ )) and the 1-electron reduction potential of the quinone (E(Q/Q~ )). Attempts to 
measure the oxidation potential of I17C-bound Zn-Ce6 were hampered by its appar­
ently high value. The oxidation potential of Zn-Ce6 will be similar to that of Zn-Chl 
a which is about +1.1 V (Watanabe & Kobayashi, 1991). Using the E(Q/Q~ ) values 
of the parent quinones in water (Table 5.1) and an oxidation potential of I17C-bound 
Zn-Ce6 o f+1.1 V, a range of AG° values from about -0.7 to -1.3 eV is calculated. The 
driving force is thus large and the small change in /cet suggests that the ET reactions 
are occurring toward the top of a Marcus curve with a relatively large reorganisation en-
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Table 5.1: Zn-Ce6 Fluorescence lifetimes (r), rates of electron transfer ( k et) and 
estimated quinone 1-electron reduction potentials (E(Q/Q- )) and driving force (AG°) 
values for some Zn-Ce6-I17C-quinone and Zn-Ce6-L30-quinone complexes
Protein
Quinone
T
(ns)
^ETa
(s_1)
E (Q /Q - ') 6
(mV)
A G° 
(eV)
I17C
none 3.01 - - -
CoQo 2.42 8.1 x 107 -30c -0.78
CoQo reduced 3.07 0 - -
DCBQd 2.50 6.8 x 107 +470 -1.28
pBQ 2.47 7.3 x 107 +99 -0.91
2,5-DMBQd 1.97 1.8 x 108 -66 -0.74
2,6-DMBQc/ 2.18 1.3 x 108 -80 -0.73
L30Y
CoQo 2.13 1.4 x 108 - -
L30H
CoQo 2.06 1.5 x 108 - -
a Calculated from the fluorescence lifetime by A:et= ^da ~  To1» see text and Chapter 
1.4; 6 Reported values for the parent quinones in water at pH 7 taken from (Depew & 
Wan, 1988) and c described in the previous chapter.
ergy (A ~1 eV). The ket values can be fit to Dutton’s ruler (Moser & Dutton, 1992), an 
empirical Marcus curve relating kEr  to AG°, A, and the edge-to-edge cofactor distance 
in a protein. The fit is poor (data not shown), but yields A ~  1 eV and the distance be­
tween Zn-Ce6 and CoQo ~  11 Ä. This distance is in good agreement with the molecular 
model of Zn-Ce6-I17C-/?BQ shown in Figure 4.3.
The values from Table 5.1 were used to create an energy diagram describing the 
light-induced ET in Zn-Ce6-I17C-CoQ0, which is shown in Figure 5.4. The most ob­
vious feature of this diagram is that AG° (forward) ~  AG° (backward). This explains
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2 - C*-Q
1.91
, 2,6-DMBQ, 1.18 
2,5-DMBQ, 1.17 
CoQ0, 1.13 
■--- pBQ, 1.00
-- DCBQ, 0.63
C-Qo 0
Figure 5.4: Energy levels o f light-induced ET in Zn-Ce6-I17C-quinone. C is Zn-Ceß,
and Q the quinone.
why the charge recombination kinetics were not resolved by TREPR as the back reac­
tion is occurring near the top of the Marcus curve, probably at a similar rate to that of 
charge separation (ns timescale).
The L30 mutants described in the previous chapter (Chapter 4.3) were designed 
to tune the redox properties of the bound quinone. When bound to L30Y and L30H, 
CoQo had a significantly lower E(Q/Q2~) potential than when free in solution or bound 
to I17C. It is reasonable to assume (due to eqn 4.3) that a significant contribution to this 
difference in E(Q/Q2-) is due to lower E(Q/Q~ ) potentials in L30H-CoQ0 and L30Y- 
CoQo relative to I17C-CoQ0. It would then be expected that /cet in the L30 proteins 
would be different to that in I17C. The Zn-Ce6 fluorescence decay kinetics were mea­
sured in Zn-Ce6-L30Y-CoQ0 and Zn-Ce6-L30Y-CoQ0 and the decay curves are shown 
in Figure 5.5 and the lifetimes and k et values given in Table 5.1. Despite the much 
lower E(Q/Q2-) values, both of the L30-CoQo complexes showed little change in A;Et  
relative to Zn-Ce6-I17C-CoQ0. This is perhaps more startling if one considers that a 
change in the edge-to-edge distance between Zn-Ce6 and CoQ0 from 11 to 12 Ä should, 
according to Dutton’s ruler (Moser & Dutton, 1992), change the maximal /cet from 2.5 
x 108 to 6.3 x 10' (eqn 1.18 with A = 1 eV). This range is of similar magnitude to that ob­
served across all the measurements made in this work. The guanidine denaturation and
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Figure 5.5: Fluorescence decay curves of (a) Zn-Ce6-I17C; (b) Zn-Ce6-I17CCoQo; 
(c) Zn-Ce6-L30Y-CoQo; and (d) Zn-Ce6-L30H-CoQo. Lifetimes are given in Table 
4.5 and experimental conditions are identical to those in Figure 5 . 3 .
iodide quenching experiments described in the previous chapter (see Table 4.5) demon­
strated that the L30 mutations have destabilised, and possibly altered, the conformation 
of the quinone-protein complex. It is reasonable to expect that the L30 mutations may 
have perturbed the structure of the chlorin/protein/quinone complex in such a way as 
to alter the distance between the chlorin and quinone. However, any change in Zn- 
Ce6-quinone distance should have caused a much more significant difference in /cet 
between Zn-Ce6-I17C-CoQ0 and Zn-Ce6-L30-CoQ0 than was observed. Instead, the 
results suggest that: (i) The L30 mutations have not significantly perturbed the struc­
ture of the chlorin/protein/complex relative to I17C; (ii) The reorganisation energy is 
large in this ET reaction; and (in) /cet is relatively insensitive to the driving force in 
this the system. Detailed structural knowledge of each of the chlorin/protein/quinone 
complexes is needed to confirm that minimal structural perturbation has occurred across 
the mutants. It is also possible that the difference in E(Q/Q~ ) throughout the differ­
ent quinone complexes is much smaller than estimated here and thus A A G ° is much 
smaller than expected.
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The E(Q/Q2_) values for I17C-/?BQ and CoQ0 bound to I17C, L30Y and L30H 
have been measured (Figure 4.11). Although AG° is related to E(Q/Q~ ) not E(Q/Q2-) 
there is, in some cases, a reasonably linear correlation between quinone 1- and 2- 
electron reduction potentials2. The relationship between measured E(Q/Q2-) potentials 
and /cet in Zn-Ce6-protein-quinone complexes is shown in Figure 5.6. The solid line 
is:
fcET = A -  [(c[E(Q/Q2-) -  Eoffset] + A)2/(kBTA)]. (5.3)
There are several things to consider with regard to this figure: (z) The inverted region is 
to the left and there are not sufficient data points to accurately determine the E(Q/Q2-) 
value at which /cet is maximal, (zz) Whilst in some cases there is a linear correlation 
between E(Q/Q~) and E(Q/Q2~), it may not have a slope of 1. The c term in eqn 5.3 
is set to 1 but could be adjusted to account for this. As the value of c is not known, 
the value of A is not known, (zzz) The E(Q/Q2-) values were measured in the ab­
sence of Zn-Ce6 and the presence of the bound chorin is likely to alter these potentials. 
However, this difference in potential is likely to be fairly constant across the different 
proteins and is then accounted for in the E0ffSet term and not of major concern, (iv) 
The change in /cet is sufficiently small as to be possibly caused by minor perturbations 
to the quinone/protein structures rather than due to A AG0. Nevertheless, there is a 
trend between the measured quinone redox properties, and thus AG°, and /cet which 
is consistent with Marcus theory.
It is quite possible that the L30 mutations will have some effect on the electronic 
coupling between Zn-Ce6 and CoQ0. If this is the case, this will then effect &et (eqn 
1.14). The coupling in the Zn-Ce6-protein-quinone systems was calculated using Be- 
ratan’s pathways method (Beratan et al. (1987); Beratan & Onuchic (1996) and de­
scribed in Chapter 1.4) implemented in HARLEM3. The coupling in Zn-Ce6-I17C- 
CoQo, from the chlorin to the quinone, was calculated to be 100 ^zeV (0.8 cm-1) and ß  
= 1.3. The ß  value is slightly lower than the value of 1.4 determined by Moser & Dut­
ton (1992) for protein ET in the BRC. This may be due to some through-bond ET in the
2The E(Q/Q~ ) and E(Q/Q2 -) values for aqueous methyl-substituted 1,4-benzoquinones (Depew &
Wan, 1988) fall on a straight line with a slope of 0.66E(Q/Q2 -) per E(Q/Q~ ).
3 HARLEM was kindly provided by Igor Kumikov. See Chapter 2
119
Chapter 5. Electron Transfer
Quinone E _ / V
Figure 5.6: The relationship between ket in Zn-Ce6-protein-quinone complexes and 
and the quinone 2-electron reduction potentials. The solid line is described in the text.
cyt or a more tightly-packed protein barrier. It may also reflect the degree o f inaccuracy 
o f this type o f calculation. The Hab and ß  values were fairly constant across different 
molecular models containing all the quinones used in this work. Using a Hab value 
o f 100 /zeV, a Marcus curve incorporating the I17C data in Table 5.1 was constructed. 
This is shown in Figure 5.7 and the data fits this model fairly well. Thus, if the m ax­
imal &et in this protein is about 108 s-1 , and A ~  1 eV, then the coupling caluclated 
using the pathways method is surprisingly accurate. The coupling was also calculated 
in the L30H and L30Y Zn-Ce6/CoQ0 complexes. The coupling was calculated to be 
only slightly higher in these two systems. This is reasonable as a major determinant in 
this calculation is the donor/acceptor separation, which is very similar in the molecular 
models o f I17C and the L30 proteins (Figure 4.8). There is a considerable degree o f 
uncertainty in the accuracy o f these models and both more accurate structural informa­
tion and electronic coupling calculations are required to determine the effect the L30 
mutations may have had on HAb - One interesting finding from the pathways calcu­
lations was that the path o f ET invariably went through Met 33. The ET pathway in 
Zn-Ce6-I17C-CoQo is shown in Figure 5.7. It would be interesting to investigate the
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Figure 5.7: Electronic coupling in the Zn-Ce6-U7C-quinone complexes. Left, the 
ET pathway (yellow) from the chlorin to quinone (green) in Zn-Ce6-I17C-CoQ0 cal­
culated with HARLEM, see text for description. Right, ET vs. estimated AG°. The 
solid line is a fit to Dutton’s ruler with R = 11.3 Ä, the dotted line a fit to eqn 1.15 with 
Hab = 100 /iV. Both models have A = 1 eV.
coupling in this system by mutating Met 33, perhaps replacing it with Trp.
Despite our attempts to bury the quinone within the interior of the protein it appears 
that the reorganisation energy associated with the ET reaction is quite large (> 1 eV). 
This is currently being evaluated4 using continuum electrostatics calculations (as per 
the method of Sharp (1998)) and the solvent reorganisation energy has been estimated 
as ~1.2 eV. The reorganisation energy associated with the reduction of the quinone 
has been estimated using standard quantum chemical techniques to be ~0.3 eV and 
as changes in bond lengths in the chlorin are assumed to be negligible during chlorin 
oxidation, the total reorganisation energy is about 1.5 eV. It seems that cyt /?562 is simply
4The reorganisation energy and electronic coupling is currently being calculated by Brett Wallace. 
This will be presented in a future manuscript.
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too small to bury the cofactors far enough away from the solvent to prevent wide-spread 
solvent reorganisaton during the ET reaction. This would be reduced significantly if the 
protein was incorporated into a lipid membrane as is the case of the RCs. This would 
require the radical modification of cyt b562, or the adoption of a new protein scaffold 
altogether. There has been some success by DeGrado (Lear et al., 2001) in the de novo- 
design of a-helical peptides that associate in lipid membranes. Incorporation of the 
chlorin and quinone binding sites in similar petides may offer one future direction for 
this work which will result in a reduced A and thus more typical ET behaviour for the 
primary charge separation.
5.2 Triplet Electron Transfer: A Long-Lived Charge Separated State
The efficiency of charge separation in the various Zn-Ce6-117C-quinone complexes is 
15-35% (Table 5.1, eqn 1.4) but in order to harness this energy the charge separated 
state must be stabilised. Figure 5.4 suggests that the back reaction will occur near the 
top of the Marcus curve causing a short-lived charge separated state (r  < 20 ps from 
TREPR data). Attempts to alter AG0 and thus push the back reaction into the inverted 
region were largely unsuccessful. Another route, triplet ET, was explored to stabilise 
the charge separated state.
Upon light excitation, ZnPP (described in Chapter 3) forms a triplet state with near­
unity efficiency (<f>/ = 0.9) (Sudha et al., 1984) which is long-lived (r ~  14 ms) (Zemel 
& Hoffman, 1981; Sudha et al., 1984). ET can occur from this triplet state which has a 
redox potential calculated by:
ZnPP+/ 3ZnPP* -  E(ZnPP+'/ZnPP) -  ET (5.4)
where E(ZnPP+ /ZnPP) is the (ground state) oxidation potential of ZnPP (analogous 
to E(Clz/Clz+ )) and ET is the excited triplet energy. The excited triplet energy, which 
is similar to E0,o (described earlier), can be determined from the energy of ZnPP phos­
phorescence.
The room-temperature phosphorescence spectrum of I17C-bound ZnPP was de­
convolved from the fluorescence emission spectrum (Cowan & Gray, 1989) and is 
shown in Figure 5.8. The phosphorescence peak position (~720 nm) and ET (1.72
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\  / nm
Figure 5.8: Absorbance, fluorescence and phosphorescence spectra of I17C-bound 
ZnPP.
Table 5.2: Reported oxidation potentials of Zn-substituted hemoproteins
Zn-Protein E(P/P+ ) 
(V)
Et
(eV)
E(p+v3p*) reference 
(eV)
HRPa 0.75 Kaneko et al. (1980)
cyt c 0.80 1.68 -0.88 Magner & McLendon (1989)
myoglobin 0.98 1.78 -0.80 Cowan & Gray (1989)
I17C 0.856 1.72 -0.87 this work
E(P/P+ ) = E(ZnPP/ZnPP+ ), E(P+V3P*) = E(ZnPP+ /3ZnPP*) calculated from eqn 5.4. 
“horseradish peroxidiase; 6the average value was used.
eV) are in good agreement with previous reports (Table 5.2). Attempts to measure 
E(ZnPP+/ZnPP) for the ZnPP-I17C complex were unsuccessful. The average value 
for reported protein-bound ZnPP oxidation potential is 0.85 V (Table 5.2) and this value 
will be used for subsequent calculations.
The Et and estimated E(ZnPP+ /3ZnPP*) values were used to construct an energy
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Figure 5.9: Energy levels of light-induced triplet-ET in ZnPP-I17C-quinone com­
plexes.
level digram of light-induced ET in ZnPP-I17C-quinone complexes. This is shown in 
Figure 5.9. The relevant E(Q/Q~ ) values in Table 5.1 where also used. These energies 
are only as accurate as the estimates for the E(ZnPP/ZnPP"1" ) and E(Q/Q~) potentials.
Figure 5.9 assumes that there is no singlet ET to the quinone. Protein-bound ZnPP 
has a fluorescence lifetime of ~2.4 ns (Bellelli et al., 1996). If singlet ET occurs on a 
similar time-scale as in the Zn-Ce6-I17C-quinone complexes (8 x 10' s_1) then a single 
ET efficiency of 20% is expected (eqn 1.4). However, as = 0.9 (Sudha et al., 1984), 
the efficiency of singlet ET is actually more like 2% and thus can be largely ignored.
The triplet ET is generally slower than singlet transfer, often occurring on the ps to 
ms times-scale (Qin & Kostic, 1994; Bellelli et al., 1996; Fahnenschmidt et al., 2001). 
This is amenable to measurement by TREPR when the porphyrin cation formation is 
monitored. The ZnPP triplet could also be measured by EPR but this would require very 
different experimental conditions and instrument parameters (Fahnenschmidt et al., 
2001). The room temperature EPR spectra of the I17C-bound ZnPP cation radical 
is shown in Figure 5.10 B. This was generated by illumination of ZnPP-I17C under 
aerobic conditions. If the oxygen is removed from the system, by the addition of glu­
cose oxidase and catalase, no signal is observed. The ZnPP triplet state is sufficiently 
energetic to reduce molecular oxygen and this is the most likely electron acceptor in
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Figure 5.10: Room temperature X-band EPR spectra of (A) I17C-boundpBQ , pH 9.0 
at 1 G MA, 6.3 mW; (B) I17C-bound ZnPP light-minus-dark, pH 7.0, 80 mW; (C) 
ZnPP-I17C-/?BQ light-minus dark, pH 7.0, 6.3 mW; (D) ZnPP-I17C-pBQ light-minus 
dark, pH 7.0, 80 mW.
this reaction. The I17C-bound ZnPP+ spectrum is consistent with a previous report of 
HRP-bound ZnPP+ (Kaneko et al., 1980). The reported spectrum was collected at 10 
G modulation amplitude which will broaden the signal. The spectrum in Figure 5.10 
is narrower (peak-to-peak) than that of Kaneko et al. (1980), but as the spectrum of 
ZnPP+ -I17C was recorded at 1 G modulation amplitude this is to be expected. The 
EPR spectra of ZnPP-I17C-/?BQ under illumination is shown in Figure 5.10 C and D. 
There was no signal from this sample in the dark and the spectra were acquired in the 
presence of glucose oxidase and catalase. Superficially these spectra are composites of 
the protein bound ZnPP cation and semiquinone, but are broadened, probably due to 
spin-spin relaxation between the porphyrin cation and semiquinone.
The light-induced ET in ZnPP-I17C-/?BQ and ZnPP-I17C-CoQ0 was futher charac­
terised by TREPR. This is shown in Figure 5.11 for the pBQ  complex. This experiment 
measures the formation and decay of the porphyrin cation radical. The lifetimes are 
given in Table 5.3. The rate of forward ET is related to the lifetime of the charge
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Figure 5.11: Time-resolved EPR of ZnPP-I17C-/?BQ, pH 7.0, 80 mW, measured at 
3495 G, 1 G MA, average of 5000 scans. The inset shows an analogous experiment 
performed with 200 p,M ZnPP and /?BQ in solution.
separation (see Figure 5.9) by:
r(CS) =
1
kisc +  kET
(5.5)
In the ZnPP-I17C-quinone complexes /cet can be estimated quite accurately, kisc must 
be very fast5, so if kcs occurs on the /is time-scale, such as the case with the EPR data 
presented in Table 5.3, t (CS) =  t (ET) and kcs — &et- Thus, by substituting ZnPP for 
Zn-Ce6 in this system we have slowed the rate of forward ET by 5 orders of magnitude 
and the rate of charge recombination by at least 3 orders of magnitude. The lifetime of 
the charge recombination6 *is 15 ms, long enough to couple the the charge separation to 
useful secondary chemistry.
5Assuming no internal conversion from Si (as in eqn 5.5), r  (fluorescence) = 2.4 ns and 4>( = 0.9, r  
(ISC) = 0.24 ns and k\sc = 4.2 x 109 s-1 .
6In a rather uncanny coincidence the lifetime of charge recombination of the ZnPP cation in these
two complexes is nearly identical to that of the reported triplet state lifetime. I am confident that this is
the cation rather than the triplet due the properties of the EPR spectrum.
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Table 5.3: Electron transfer in ZnPP-I17C-quinone complexes.
Quinone E(Q/Q-) r(C S) kcs A G° t (C R) kcR A G°
(mV) (/zs) ( s ' 1) (eV) (ms) ( s ' 1) (eV)
pBQ +99 600 1.7 x 103 -0.97 15 67 -0.75
CoQo -30 200 5.0 xlO3 -0.84 15 67 -1.88
kcs and kcR are the rate of charge separation and recombination, respectively.
5.3 Summary and Future Work
I have demonstrated light-induced ET from a chlorin/porphyrin to a quinone in an en­
gineered multi-cofactor protein. The rate of electron transfer reactions observed span 6 
orders of magnitude (about 10 ns to 10 ms). The mechanism of ET can be determined 
from the choice of cofactors, occurring from either the singlet state (chlorin) or triplet 
state (porphyrin). We have a working model of the primary charge separation in a reac­
tion centre. By using a protein scaffold it is now possible to investigate the role of the 
protein in a type of ET reaction previously only studied in organic molecules or large 
natural RCs.
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Conclusions and Future Work
A minimalistic model of a pheophytin-quinone type photosynthetic reaction centre 
would comprise a (B)Chl dimer, a pheophytin, 2 quinones linked via a non-heme iron 
(although ET can occur in RCs with the iron removed), and an un-specified electron 
donor. The cofactor separation would all be about 10 Ä, and the cofactors would be 
bound to a membrane-spanning complex. This complex, described in Chapter 1, would 
be capable of vectorial ET upon illumination and form a long-lived charge separated 
state. The goal of this thesis has been to create small, minimalistic proteins to mimic 
aspects of the pheophytin-quinone reaction centres.
As the first step, protocols for the binding of Chi and Chl-analogues (porphyrins) to 
simple peptides and small proteins were developed and analysed (Chapter 3). Apo-cyt 
^ 5 6 2  could be reconstituted with a single porphyrin, while multiple porphyrins could 
be bound to a single de rcovo-designed peptide. The multiple porphyrins did not bind 
in a conformation where they are significantly excitonically-coupled as is the case of 
the ’’special pair” found in natural reaction centres. This is not a major problem as a 
simple reaction centre mimic does not require a light-harvesting antennae and thus a 
low-energy primary electron donor.
In the next step, a novel quinone-binding protein was developed (Chapter 4) and 
to our knowledge, is the first report of a designed quinone-binding protein. Small 
benzoquinones such as pBQ  and CoQ0 were bound to an engineered cysteine within 
the interior of a mutant of cyt 6562. The bound quinone is partially shielded from the 
solvent and is not significantly destabilising to the ferri-protein. At neutral pH, the 
bound quinone undergoes a 2-electron oxidation/reduction and the redox potential of 
this reaction can be tuned over a range of 300 mV by introducing specific protein- 
quinone interactions (L30 mutations). The bound semiquinone can be generated at pH 
9 and the EPR spectrum of protein-bound semi-CoQ0 is consistent with sulfur addition 
and similar to reported spectra of glutathione-bound CoQ0.
The bound semiquinone can be generated in a light-induced electron transfer from a 
chlorin or porphyrin ((B)Chl analogue) bound within the cyt &562 heme-binding pocket 
(Chapter 5). The rate of electron transfer reactions observed span 6 orders of magni-
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tude (about 10 ns to 10 ms) depending on cofactors selected. The mechanism of ET 
can be determined from the choice of cofactors, occurring from either the singlet state 
(chlorin) or triplet state (porphyrin). The excited state chlorin and porphyrin create a 
high-driving-force, allowing the electron transfer to occur near the top of the Marcus 
curve. Additionally, the chlorin and quinone appear to be quite strongly electronically 
coupled. The reorganisation energy of the chlorin to quinone electron transfer reaction 
appears to be ^  1 eV, a downfall of using a small, soluble protein.
We have created a working model of the primary charge separation in a reaction 
centre. By using a protein scaffold it is now possible to investigate the role of the protein 
in an ET reaction previously only studied in organic molecules or large natural reaction 
centres. The (triplet) ET reaction from the bound porphyrin to quinone creates a charge 
separated state of about 15 ms. A long-lived charge separated state is a hallmark of 
natural photosystems.
As mentioned previously, the next step in this research would to solve the structure 
of the quinone-bound cyt. The M7H study would be complemented by a structure of 
that mutant also. Once the structural consequences of quinone binding to the cyt is 
established, the next step would be to add an additional redox-active cofactor to the 
I17C proteins. An electron donor to allow vectorial electron transfer would be the best 
option. In particular, by introducing a metal-binding site in the large loop between 
helices two and three in the quinone-binding mutants of cyt b562, it would be possible 
to mimic photosystem II. An alternative approach, using the accumulated knowledge of 
heme binding (Chapter 3), would involve the introduction of a heme-binding site near 
the bound porphyrin. This would then create a bacterial reaction centre mimic. The 
metal-binding domain would be quite challenging to design as it could have no cysteine 
ligands and preferably no histidines. On the other hand, it is relatively easy to create 
selective heme and penta-coordinate porphyrin binding sites. Heme will much more 
readily bind to a Z>A-histidine motif, allowing subsequent chlorin binding to a single 
histidine. Instead of a metal centre, a histidine could be added near the porphyrin in the 
cyt b562 mutants and exogenous manganese used as an electron donor to photo-oxidised 
tyrosine in a four-step electron transfer reaction. In other directions, it may be possible 
to create multiple quinone-binding proteins, and/or mimic the non-heme iron site of
130
the pheophytin-quinone reaction centres. I cannot foresee any reaction in the natural 
reaction centres that would not be amenable to study by the approaches used in this 
thesis. Getting them all to work together of course may take a billion years.
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